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This thesis describes an investigation into the activation, catalytic cycle and 
decomposition of 1,3,5-trialkyl-1,3,5-triazacyclohexane chromium complexes involved 
in the selective trimerisation of a-olefins. These studies include an in depth look into the 
mechanisms involved in each of these processes. Using these findings a development of 
the ligand system is illustrated to devise more highly active and long lived catalyst 
systems.
Chapter 1 highlights the industrial application of polymerisation and 
trimerisation along with the catalytic systems involved. Homogeneous model systems 
have been devised to aid in the understanding of these systems and hence, have led to 
the development of more highly active systems for the selective trimerisation of olefins. 
Attention is made to the difference in mechanism between the two processes and the 
problems associated with the study of paramagnetic Cr(III) complexes.
Chapter 2 describes the synthesis and structure of 1,3,5-trialkyl-1,3,5- 
triazacyclohexanes with comparisons made to substituted cyclohexanes and 1,3,5- 
triaryl- 1,3,5-triazacyclohexanes.
Chapter 3 concentrates on the merits of 1,3,5-trialkyl-1,3,5-triazacyclohexanes 
as ligands with a variety of metals in a number of coordinating modes. The synthesis of 
1,3,5-trialkyl-1,3,5-triazacyclohexane chromium complexes are described along with 
their solubility characteristics and ligand exchange reactions.
Chapter 4 focuses on the role of weakly coordinating anions in stabilisation and 
characterisation of active sites. The two step activation of the chromium complexes by 
firstly addition of the salt of the weakly coordinating anion followed by the 
trialkylaluminium activator is described. This process is probed by !H, 2H and 19F NMR 
spectroscopy alongside X-ray crystallography to identify key intermediates and 
comparison with MAO activation.
Chapter 5 describes the trimerisation activity of the chromium catalysts with a 
variety of activators and a-olefins. Decomposition products are identified from these 
reactions and lead to postulations on more active and long lived systems. Magnetic 
moment measurements lead to the most probable oxidation couple for this system.
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Olefin polymerisation produces a wide range of exceptionally versatile polymers for a 
variety of industrial products. Polypropylene is produced in various forms whose 
properties depend largely on the polymer molecular weight and its stereochemistry. 
These in turn are largely determined by the particular catalyst system used for the 
polymerisation. Polyethylene is probably the polymer most often seen in daily life. 
Polyethylene is the most popular plastic in the world. This is the polymer that makes 
grocery bags, shampoo bottles, children's toys, and even bullet proof vests.
If the polymer produced is a straight chain this is known as high density polyethylene 
(HDPE). If the chain is highly branched, this is known as low density polyethylene 
(LDPE).
Polymers produced by homopolymerisation and/or copolymerisation of small olefins 
such as ethene and propene are amongst the most widely used plastics. In the last few 
years the worldwide consumption of polymers made from these small olefins has been
1.2: Phillips Catalyst
over 40xl06 and 20xl06 tons per year, respectively.1 In industry these materials are
1
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products of metal-catalysed reactions conducted on an enormous scale. Two different 
types of catalyst are responsible for this production. One group consists of group 4 
metals, such as Ti and Zr, and can be traced to the Nobel Prize winning discoveries of 
Ziegler and Natta,2 Scheme 1.
Cl
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Scheme 1: Catalytic cycle for a titanium Ziegler -  Natta olefin polymerisation 
In recent times there has been much interest in this area due to developments in 
metallocene chemistry. This progress has brought about the creation of catalysts based 
on sophisticated organometallic molecules that give a greater control of polymer





Scheme 2: Catalytic cycle for olefin polymerisation with a Zr metallocene system
The second type of catalyst was discovered independently by Hogan and Banks 
at Phillips Petroleum Co. in the early 1950s, 4 and still produces a large fraction of the
metal catalysts. Firstly it is notable for not requiring any co catalyst. Most systems 
require either aluminium alkyls or methyl aluminoxane for activation. Despite much 
investigation little is known about the mechanism and active site of this system. This 
lack of information is due to the small number of homogeneous model systems for 
chromium based heterogeneous catalysts. In the last few years this has changed.
The Phillips Cr/silica polymerisation catalyst is prepared by impregnating an 
inorganic chromium compound, CrC>3 or various Cr(III) salts, onto a wide pore silica 
and then calcining in oxygen to activate the catalyst. 6 This leaves the chromium in the 
hexavalent state. Figure 1
world’s HDPE. 5 This system has many unusual features compared to other transition
3
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Figure 1: Preparation of the Phillips Cr/silica polymerisation catalyst 
Upon contact with ethene, the metal is reduced; ultimately forming the
catalytically active species. However, the chemical structure, valence state, and
mechanism of formation of the active site have been the subject of a longstanding
controversy. Figure 2 depicts some of the proposed structures.
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Figure 2: Proposed structures for the formation of the active site in the Phillips system 
Activation can also be achieved with other reducing agents such as CO or 
aluminium alkyls. Contrary to most catalysts based on the hydride mechanism, the 
molecular weight of polymer is quite insensitive to hydrogen but can be regulated by 
the reaction pressure and temperature. End group analysis of the polymer shows not 
only the expected single methyl and vinyl end groups but also additional methyl groups, 
vinylidene and some internal olefin end groups. Such end groups have been seen for 
systems based on the hydride mechanism when additional isomerisation, mis-insertion
4
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or chain-walking steps are involved. However, these groups are found in Phillips 
systems in consistently similar ratios.
When activated by aluminium alkyls the Phillips catalyst can also convert ethene 
to a-olefins that can be in-situ co-polymerised giving polymer with side chains. 
However, these oligomers do not follow the Flory-Schultz distribution typical for 
systems based on the hydride mechanism. There is a high selectivity for the trimer of 
ethene, 1-hexene, and subsequent co-polymers with butyl side chains.
1.3: Homogeneous Chromium Catalysts
As in the case of the Ziegler Natta system, homogeneous model systems of the 
Phillips catalyst were sought to try and gain a greater understanding of the mechanism 
and active species. The mimics prepared by Theopold et al., 8 were well characterised 
Cp* chromium alkyl complexes, [Cp*Cr(THF)2Me]BPh4, that were able to polymerise 
ethylene, Figure 3. 9
Figure 3: Labile THF in the [Cp*Cr(THF)2Me]BPh4 system can provide free coordination sites
In solution this 15 electron complex exists in equilibrium with the co-
ordinatively unsaturated mono THF complex, by dissociation of a THF ligand. The
+ [BPh4] + [BPh4]"
5
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Cp*CrL2X 10 complex is considered co-ordinatively saturated, despite being 3 electrons 
short of the 18 electron configuration, if the cyclopentadienyl ring acts as a tridentate 
chelating ligand. The Cp* would then occupy one trigonal face of an octahedron, with 
three other ligands filling the octahedral geometry of the Cr(III) ion. Attempts to 
polymerise propene with this complex were unsuccessful. However, with ethylene 
under typical conditions, lOmg of chromium complex dissolved in 50ml DCM 
produced l-2g of polyethylene before activity ceased. The maximum activity measured 
was 1.1 turnover/sec a value within an order of magnitude of the quoted activity of 
commercial catalysts. The polymer produced was identified by IR spectroscopy as 
HDPE with melting points 135-140 °C. The molecular weights were relatively low, 
Mw: 22000-77000, with a narrow molecular weight distribution. The polymers were 
highly linear, showing no detectable branching.
Figure 4: Decomposition of the [Cp*Cr(THF)2Me]BPh4  system 
This catalyst eventually became inactive and possible explanations of this were
irreversible reactions of the highly electrophilic chromium cation with the solvent or its
counterion. A few unusual chromium complexes resulting from the metal attacking
anions have been isolated and characterised, Figure 4 . 11
6
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A more active polymerisation catalyst was a neutral chromium complex
Figure 5: Formation of neutral complex Cp*Cr(CH2SiMe3 )2  
Cp*Cr(CH2SiMe3)2 is best described as a 13 electron complex. It is also a very good
Hydrocarbon solutions rapidly precipitated polyethylene at reaction temperatures 0 to -  
42 °C, with the complex slowly decomposing at room temperature. The polymers 
formed were similar to those created by the previous system, Mw: 20000- 143000 and 
were also highly linear.
Unlike the Phillips catalyst these systems produce only linear polymer and show 
no reaction towards a-olefins, this is thought to be due to steric reasons. To try to 
account for this, complexes with extremely labile ligands were synthesised. The 
strongly binding THF ligands were replaced by dialkyl ethers to form 
[Cp*Cr(OEt2)2CH2SiMe3]BAr4 , Figure 6. 13
Cp*Cr(CH2SiMe3)2, Figure 5 .12
Me^SiCHoLi
CrCl3(THF)3 ►  [Cp*CrCl2]2






Figure 6: Formation and reactivity of the [Cp*Cr(OEt2)2CH2SiMe3]B Ar4 system 
This complex was a very reactive catalyst towards polymerisation of ethylene
even below -104 °C, with activities up to 56 Kg molCr^h"1. It was also capable of the
oligomerisation of a-olefins. Copolymerisation of mixtures of ethylene and an a-olefin,
yielded purely polyethylene without any indication of branching.
After these initial attempts Jolly reported that amino-substituted 
cyclopentadienyl chromium derivatives, in the presence of methylaluminoxane, 
MAO:Cr = 100:1, polymerise propene to atactic polypropylene, Figure 7. 14 It also has 
very high activity for the polymerisation of ethylene, with activities >6170 Kg molCr 1h" 
l. MAO is known to confer remarkable enhancements upon the catalytic activity of
8
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group 4 metallocene catalysts, and so from the observation of the enhanced activity of 
this system over the non-activated Theopold systems, the same increased activity is seen 
in the case of chromium.
100 MAO
Figure 7: Propene polymerisation with the [(Cp*EtNMe2)CrMe2] system 
Although these systems are highly active they have a tendency to decompose
slowly after activation or are unstable at high temperatures during catalysis. Enders 15
adapted this system to include a more rigid structure for the nitrogen side arm, whilst
maintaining the C2 linker, by addition of quinolyl- and N,N-dimethylanilinyl-
functionalities to the cyclopentadiene, Figure 8. With these rigid ligands intermolecular
donor-metal interactions and formation of insoluble coordination polymers is
impossible unlike with flexible spacer groups.
Figure 8: Chromium cyclopenadiene complexes with rigid nitrogen donor linkages 
These complexes are more stable than the comparable complexes with flexible
linkages with the complexes activated with MAO showing no detectable signs of
decomposition after several weeks at room temperature. Ethylene polymerisation
9
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activities for this type of complex are high, up to 3640 kg m o l 'V b a r1 at room 
temperature. Activities for propene polymerisation were dramatically reduced, up to 107 
kg m o l'V b ar '1 at room temperature.
Other groups have also been trying to find potential well-defined catalyst for the 
polymerisation of ethylene, but concentrating on non-cyclopentadienyl chromium 
systems, where adjustment of steric and electronic properties will give them control 
over the molecular weight and microstructure of the resultant polymer. In 1994 Gibson 
reported an active homogeneous catalyst, 16 activity 65 Kg molCr^h'1 for the 
polymerisation of ethylene, derived from bis(imido) chromium (VI) precursors, Figure 
9.
Bu lBu
%  ^ Ch2Ph
N '  CH2Ph
Bu Bu
C2H4
Figure 9: Activation of bis(imido)chromiumbis(benzyl) complex 
While the active species in this system has not yet been fully characterised, this 




In 1999 Gibson published new chromium catalysts based upon a bulky 
monoanionic N,0-chelating ligand derived from reduction of the corresponding Schiff- 









Figure 10: Formation of N,0-chelating Schiff-base Chromium complex 
This chromium catalyst was found to be excellent for the polymerisation of 
ethylene in the presence of Et2AlCl, with activities up to 130 Kg molCr^h'1. In the 
presence of MAO as co-catalyst the activities were not as impressive.
1.4: Oligomerisation and Trimerisation Catalysts
In a patent to the Albemarle Corporation 18 Wu describes a selective ethylene 
oligomerisation in the presence of a chromium triazacyclononane catalyst system using 
aluminoxanes as activators. This process provided a Schultz-Flory distribution of a- 
olefins that is selectively enriched with 1-hexene, without the formation of excessive 
amounts of PE. In accordance with his reasoning the necessity of steric bulk for 
oligomerisation over polymerisation, he found that the complex with the absence of 
substituents on the nitrogens, gave a selectively polymerising system.
11
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For the catalyst system [l,4 ,7 -trimethyl-l,4 ,7 -tri-azacyclononane]CrCl3 / n- 
hexylaluminoxane 1 : 80 in toluene at 105 °C with an ethylene pressure of 29 bar the 
resulting products were 9.4% C4 , 39.9% C6, 1 0 % Cs, 8.5% C10, 6.9% C12, 6% C14, 5% 
Ci6, 4% Ci8 and 10.9% C20+ with an activity of around 12,309 g/g Cr per hour. Using 
the Schultz-Flory equation the expected amount of the C6 fraction should be around 
10%. This increased selectivity for this fraction along with the Schultz-Flory 
distribution of the other fractions suggests two competing pathways in action, both the 
linear chain growth mechanism well established for ethylene polymerisation and 
oligomerisation, and also the metallocycle mechanism the most accepted proposed 
mechanism for selective trimerisation. (See Chapter 5)
In 2000 Kohn reported that 1,3,5-triazacyclohexane chromium complexes were 
highly active ethylene polymerisation catalyst that resemble the Phillips catalyst in 
many properties and so may represent the first good homogeneous model system, 
Figure 11. 19 Activities for ethene polymerisation are up to 800 Kg molCr^h"1 in the 
presence of MAO as co-catalyst. The system can also be activated by DMAB 
(dimethylanilinium tetrakis(pentafluorophenyl)borate) and Al(1Bu)3 , giving similar 
activities. (See Chapter 3) The molecular weights of the polymer are around Mw:
40000.
R
r  + CrCl3(THF)3
Cl
Figure 11: Formation of R3TACCrCl3 complexes
12
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End group analysis of the polymer produced showed more methyl groups than 
expected and additional vinylidene and some internal olefin as well as the expected 
vinyl end groups. This distribution is very similar to that of the Phillips catalyst. As the 
molecular weights of the polymers differ the values for the end groups, in Table 1, are 
best compared relative to the total number of olefinic groups.
End Group h 2c =c h r h 2c =c r 2 RHC=CHR Me
PE (Phillips) 84-92% 7-13% 1-4% 150-300%
PE (produced) 82% 12% 6% 240%
Decenes (Produced) 87% 8% 5% 200%
Table 1: End group analysis of polymer produced by R3TACCrCl3 catalysis 
In addition, 1-hexene the trimer of ethylene, and some decenes as co-trimers of 
1-hexene and ethene can be found in the solution. The butyl side chains are indicative of 
some 1-hexene built into the polymer. This shows that this system is also able to 
reproduce the selectivity for trimerisation. However due to the similarity of the end 
group distribution between the polymer and co-trimer suggests that the same 
mechanism is operating in both cases. The system can also be adjusted, via the alkyl 
arms of the triazacyclohexane, to form predominantly a trimerisation catalyst for both 
ethene and a- olefins, with up to 90% conversion.
Some possible reasons for this similarity to the Phillips catalyst and why this 
system is capable of adding a-olefin units are that the three hard nitrogen donor atoms 
facially co-ordinate chromium and may be a good model for the two or three oxygen 
atoms, in the hard ligand sphere of the silicate, believed to be bound in the
13
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heterogeneous system. Without severe distortions during complexation of the 
triazacyclohexane the nitrogen lone pairs are orientated essentially parallel to each other 
and cannot overlap with the chromium orbitals as well as other amine ligands. Therefore 
this system is much more comparable to Cp ligands where the metal bonding p-orbitals 
are also parallel to each other. This can be seen in Figure 12 with a comparison with the
larger tiazacyclononane ligand, and the relevant cone angles. 20
R
R'
Cone Angle: 320 3 5 ° 4 9 °
Figure 12: Cone angles and directing of nitrogen lone pairs in Cp*, R3TAC and R3TACN chromium
complexes
However differences between Cp* and R3TAC complexes can be seen in UV/Vis 
spectroscopy. Complexes of both ligand systems show two absorptions that can be 
assigned to the d-d transitions A2 g —» T2g and A2g —» Tig. Average values for R3TAC 
complexes being lODq(TAC) = 15822 c m 1 B’(TAC) = 670 c m 1, and for Cp* 
complexes 10Dq(Cp) = 15800 cm ' 1 B’(Cp) = 200 cm '1. This shows that the ligand field 
splitting caused by Cp* is similar to R3TAC, but B’ is much smaller showing a more 
covalently bound Cp*.
The Tosoh Corporation found that tris(pyrazolyl)methane chromium complexes 
can be activated by MAO or trialkyl aluminiums to give active species for selective 
ethylene trimerisation. Four chromium trichloride complexes, tris(3,5-dimethyl-1- 
pyrazolyl)methane chromium trichloride, tris(3-phenyl-5-methyl-l-pyrazolyl)methane
14
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chromium trichloride, tris(3-phenyl-l-pyrazolyl)methane chromium trichloride and 
tris(3-(4-tolyl)-l-pyrazolyl)methane chromium trichloride have been used to give 
selectivities up to 99.1% in 1-hexene, 21 Figure 13.
CrCL
360 equiv. MAO 
 ►
Toluene
80 °C, 40 bar ethylene
2085 Kg mol Cr"1 h"1 
1-C6 (99.1%)
Figure 13: Activity of a tris(pyrazolyl)methane chromium complex in selective ethylene trimerisation 
Diimine ligands have been used in transition metal catalysed polymerisations 
and have been extensively reviewed by Ittel. 22 Sumitomo Chemical Co. has patented 
the use of diimines of the form R1N=CR2(CR3R4)mCR5=NR6 or 
R7R8C=N(CR9R10)nN=CRn R12 with Cr(III) 2-EH, and triethylaluminium (TEA) for the 
use of ethylene trimerisation. 23 A reaction comprising of Cr(III) 2-EH, 
glyoxalbis(l,l,3,3-tetramethylbutylimine) and TEA at molar ratios of 1:15:79, Figure 
14, in heptane solution at 40 bar ethylene pressure and 120 °C afforded a reaction 





Heptane 1196 Kg mol Cr'V1
120 °C, 40 bar ethylene l - Q  (58.3 %)
Figure 14: Activity of a diimine chromium complex in selective ethylene trimerisation
15
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Although this system does show selectivity towards 1-hexene formation, the 
chain growth mechanism is once again competing, and leads to a distribution of 
products. Also the relatively low selectivity towards 1-hexene in the C6 fraction causes 
problems in the industrial application of this system due to the difficulty in separating 1- 
hexene from the internal isomers.
Amoco Corporation 24 developed an ethylene trimerisation catalyst based on a 
tridentate phosphine ligand of the general formula R2P(CH2)mP(R’)(CH2)nPR2 activated 
by an aluminoxane co-catalyst. Unlike the octahedral triazacyclohexane, 
triazacyclononane and tris(pyrazolyl)methane chromium complexes in which the named 
ligands are facially co-ordinating the PPP ligand occupies a meridional arrangement 
around the octahedral metal centre. The chromium complex of the unsymmetrical 
ligand, (2-dimethylphosphinoethyl)(3-dimethylphosphinopropyl) phenylphosphine in 
toluene activated by 214 molar equivalents of butylaluminoxane (BuAO) at 42 bar 
ethylene pressure and 80 °C afforded 1% C4 , 97.7% C6 (98.8% 1-C6, 96.5% 1-C6 
overall), 1% C 10 and 0.3% PE, Figure 15.
Butylaluminoxane
Toluene 1764 Kg mol C r1 h 1
80 °C, 42 bar ethylene 1-C6 (96.5 %)
Figure 15: Activity of a PPP chromium complex in selective ethylene trimerisation
16
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For this system it was found that symmetrical ligands gave active complexes 
with a much-shortened lifetime and catalysts were required to be preformed without a 
significant loss in activity and also a higher percentage of PE formation. In favour of 
this system was the exceptionally high selectivity for 1-hexene and low PE formation. 
This is compromised by the high cost of these PPP ligands that require a difficult 
synthetic route involving the use of radical chemistry.
Diphosphazane ligands R.2PN(R)PR.2 have previously been used with palladium 
to give active ethylene/CO co-polymerisation catalysts. 25 In conjuction with nickel they 
give complexes effective in ethylene polymerisation. 26 Wass published 27 an ethene 
trimerisation catalyst with a Ar2PN(Me)PAr2 chromium complex, where Ar is an o- 
methyoxy-substituted aryl group, Figure 16, and was patented by British Petroleum. 28 





Figure 16: Structure of (2-methoxyphenyl)2PN(Me)P(2-methoxyphenyl) 2 
Over a one hour period at 80 °C and 20 bar ethylene pressure using 1.1125
mmol CrCl3THF3 and (2-methoxyphenyl)2PN(Me)P(2-methoxyphenyl)2 in 500ml
toluene and activated by 300 equivalents MAO the catalyst produced 90% (99.9% 1-
C6, 89.9% 1-C6 overall), 1.8% Cg and 8.5% Cio. No PE was produced and the catalyst
17
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activity was an unprecedented 53726 Kg mol Cr'1 h '1. The main by products from this 
catalysis are decenes that form from the incorporation of one equivalent of 1-hexene 
cyclising with 2 equivalents of ethylene. This only occurs occasionally and trimerisation 
of exclusively a-olefins does not proceed. Catalysts with different ligand structure were 
studied, but for the cases in which there was no o-methoxy group, activities were 
extremely low. The authors postulated that the o-methoxy group is an important pendant 
donor that can co-ordinate to vacant sites during the catalytic cycle and unlike 
previously assumed were just a steric influence.
The o-ethoxy analogue was also tested and found to be inactive under the 
reaction conditions. The analogous complexes with carbon bridges between the two 
phosphorus atoms are also inactive under the same conditions indicating a requirement 
for the nitrogen bridge.
Sasol technology has recently patented 29 and published 30 a trimerisation 
catalyst based upon a bis-phosphinoamine ligand R2PCH2CH2NHCH2CH2PR2 . As with 
the tridentate phosphine ligand these ligands opt for a meridional co-ordination to the 
chromium. Variation of the alkyl substituents on the phosphorus atoms was attempted to 
try and increase activity. Sterically demanding subtituents led to a decreased activity 
and increased PE production. Sterically undemanding groups led to an increased 
activity and better selectivity towards 1-hexene formation. Using [bis-(2- 
diethylphosphino-ethyl)amine]CrCl3 activated by 850 equivalents of MAO at 100 °C 
and 40 bar ethylene pressure, afforded a reaction mixture containing 94% C6 (99.1% 1- 
C6, 93.2% 1-C6 overall) and 2.1% PE, Figure 17.
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850 equiv. MAO 
Toluene 1945 Kg mol Cr"1 h’1
100 °C, 40 bar ethylene 1-C6 (93.2)
Figure 17: Activity of a PNP chromium complex in selective ethylene trimerisation 
Variations on this catalyst system can lead to 97% overall 1-hexene selectivity 
but at the cost of catalyst activity. Catalytic runs at 80 °C revealed that the system was 
more stable than at 100 °C, whereas extended run times revealed a dramatic deactivation 
over time.
More recently this system has been adapted for the role of ethylene 
tetramerisation 31 starting from the [(R ^PEN R 1 motif a variety of alkyl and aryl 
substituents have been tested. Catalysts formed in-situ from the ligands [Ph2P]2N*Pr and 
[(p-MeOPh^PhN'Pr 32 gave the best results, Figure 18.
3 0 0 MAO 17%C6,70%  1-C* (11.9% l-C 6 overall)
2 [Ph2P]2N'Pr + Cr(acac) 3  ---------------------►  6 8 % C8, 99% 1-C8> (67.3% 1-C8 overall)
,  c J olu<rn?’ 45 °C 7% C1 0-C14 , 1 % PE45 bar ethylene pressure ^  Rg ^  C fl ^
300 MAO 24% C*’ 7 4  % 1<:6 ’ (17-8% overa11)
2 [(p-MeOPh)2P]2N'Pr + CrCl3THF3 -----6 8 % C8, 99% 1-C8, (67.3% 1-C8 overall)
Toluene, 45 °C 4% Cl0 -C14, 3% PE
45 bar ethylene pressure 5 8 6 0  Kg mol Q -i h-i
Figure 18: Tetramerisation results with PNP chromium catalysts 
Ethylene trimerisation has been proposed to follow the same metallacycle 
mechanism as trimerisation and hence, the fine-tuning of this system towards a greater 
selectivity in either trimer or tetramer. As the competing factors between the two 
processes are the coordination and insertion of the fourth equivalent of ethylene vs. the
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P-hydride elimination from the metallacycloheptane addition of steric bulk to the phenyl 
substituents, especially close to the metal centre, favour trimerisation.
Following from the PNP ligands a natural progression was to exchange the 
phosphorus atoms for sulphur, as they are also soft donor atoms capable of facile 
association-dissociation equalibria. Initially substituents on sulphur were evaluated that 
had a low steric demand as these proved most effective for the PNP complexes. 
However, the solubility of the complexes became the most influential factor with the 
decyl substituted ligand giving a much more productive catalyst than the ethyl 
equivalent. An ethylene trimerisation reaction at 90 °C and 40 bar ethylene pressure 
using the [bis-(2-decylsulphanyl-ethyl)-amine]CrCl3 complex activated by 280 




Toluene 8364 Kg mol C r1 h '1
90 °C, 40 bar ethylene 1-C6 (98.1%)
Cl
Figure 19: Activity of a SNS chromium complex in selective ethylene trimerisation 
It was found that the complexes with a high solubility could be activated by 
much lower amounts of MAO (30-100 equivalents). Due to the high cost of MAO this 
proves to be a bonus for the cost efficiency.
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1.5: Other Metal Trimerisation Catalysts
There has been a keen interest in trimerisation catalysts based on alternative 
transition metals, spearheaded by both UCC 34 and Phillips Petroleum, 35 to investigate 
the effect of new properties in the metal, a hopeful increase in performance and remove 
environmental concerns with chromium. UCC have tested salts of uranium, cerium, 
titanium, vanadium and zirconium with only uranium giving comparable yields of 1- 
hexene to chromium. 34 However there is no detailed experimental data on these results 
provided by UCC. Phillips Petroleum has published considerably more experimental 
details and has focused on zirconium, vanadium, titanium and nickel.
Phillips Petroleum 35 investigated a catalyst system comprising of Zr(acac)2, 
pyrrole and TEA in molar ratios of 1:3:22 at 80 °C and 38 bar ethylene pressure. The 
reaction carried out in cyclohexane afforded 26.8% liquid products containing 26.9% C6 
(100% 1-C6, 7.2% 1-C6 overall) and 73.2% PE at a low activity of 2.7 Kg mol Zr'1 h’1. 
With this being the most productive trimerisation result for zirconium based systems it 
is clear that they currently have low activity and selectivity towards 1-hexene formation. 
This catalyst system produces large quantities of PE that from a process point of view is 
problematic.
A very similar reaction was found to be the most productive in the case of 
vanadium, with reaction conditions comprising of V(0)(acac)2, pyrrole and TEA in 
molar ratios 1:3:22 in cyclohexane at 80 °C and 38 bar ethylene pressure. This reaction 
afforded 56.8% liquid oligomers containing 63% C6 (79.4% 1-C6, 45% 1-C6 overall)
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and 43.2% PE with another low activity of 5.9 Kg mol V '1 h"1. As with zirconium the 
activities and selectivities are low combined with the problematic PE production.
Enichem S.P.A. 36 has subsequently patented a vanadium trimerisation catalyst 
based on the motif (arene)2VX, X = Cl, Br, I, B(Ar)4_, AlCLf, carboxylates and 
sulphonates. It was demonstrated that this system could be initiated without the need of 
any co-catalyst. The best results were recorded with the system V(Mesityl)2  and 
Cp2Fe(BPh4) combined in a 1:1 molar ratio with the trimerisation carried out at room 
temperature and 7 bar ethylene pressure. This reaction afforded 99% 1-hexene at an 
activity of 30.3 Kg mol V '1 h '1. This system shows a remarkable increase in selectivity 
over the Phillips Petroleum systems tested but is still lacking in the high activities of the 
chromium systems and those needed to be economically viable in industry.
The use of tantalum as a trimerisation catalyst resulted as the discovery of 
branches in the polymer formed from the polymerisation of ethylene with TaCls 
activated by an alkylaluminium halide in chlorobenzene. 37 These branches were the 
result of a dual mechanism occurring with this catalyst system, the ethylene would be 
oligomerised combined with the co-polymerisation with the oligomers formed. Fine- 
tuning of this catalyst system with additives and ratios resulted in a greater selectivity 
towards 1-hexene formation. Best results were obtained with a combination of TaCls, a 
trialkylaluminim, and a tetraalkylammonium chloride in chlorobenzene producing 90% 
liquid product of which 75% was 1-C6 (67.5% 1-C6 overall). Following from this
'lO
discovery Andes found that using TaCls with the methylating agent Zn(CH3 )2 in a 1:1 
molar ratio in chlorobenzene at 45 °C and 48 bar ethylene pressure gave an overall 1-C6 
selectivity of 96% with a catalyst activity of 38.7 Kg mol Ta'1 h '1.
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Phillips Petroleum 35 investigated a titanium system comprising Ti(0)(acac)2, 
pyrrole and TEA at molar ratios of 1:3:22 at 80 °C and 38 bar ethylene pressure. The 
reaction afforded 71.2 % liquid oligomers of which 55% was C6 ( 87.3% 1-C6, 34.2% 1- 
C6 overall) with a catalyst activity of 10.7 Kg mol Ti'1 h 1. Titanium was first believed 
to be a contender as a highly selective ethylene trimerisation catalyst with the 
development of the Cp TiMe3-B(C6F5)3 system by Pellecchia. This system devised 
for the production of LLDPE was found to produce only butyl branching in the polymer 
and 1-hexene was detected in high selectivity in the liquid fraction.
In 2001 Hessen 40 reported a titanium system that could be changed from an 
ethene polymerisation catalyst into an ethene trimerisation catalyst, Figure 20.
1000 MAO/Toluene
Proposed active species
Figure 20: Activation of [CpCMe2Ph]TiCl3 system 
From the observation that the toluene solvent stabilised the active Ti(II)
trimerisation catalyst species for the Cp*TiMe3-B(C6F5)3 system the Cp ligand was
developed to include a pendent arene to mimic this solvent stabilisation role. As with
the OMe group of the diphosphazane PNP chromium trichloride catalyst system, the
phenyl group is thought to act as a labile donor to help stabilise active intermediates by
binding in vacant co-ordination sites but always remain in close proximity when not
involved in co-ordination. With this addition the activity towards ethene trimerisation
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increased dramatically. In one catalytic example ethylene was trimerised using 
[CpCMe2Ph]TiCl3 and 1000 equivalents of MAO at 2 bar ethylene pressure and 30 °C, 
affording a reaction mixture containing 97.4% liquid oligomers comprising 87% C6 
(98% 1-C6, 83% 1-C6 overall), 1% 1-Cs, 11% Cio and 2.6% PE the catalyst activity was 
1073 Kg mol Ti*1 h’1. In the development of this system the effect of, the hemi-labile 
pendant group, aromatic vs. aliphatic solvents, various bridges between the Cp and 
arene ring, substituents on the arene ring and substituents on the Cp ring were all 
considered. Combination of all these factors produced the most competitive non­
chromium ethylene trimerisation catalyst to date. Although this system is competitive in 
terms of activity and selectivity with the chromium competitors, one major 
disadvantage is the large excess of MAO required (1000 equivalents).
Although the majority of ethylene trimerisation catalysts are based upon early 
transition metal systems it is not inconceivable that late transition metals may form 
active catalysts. Phillips Petroleum investigated the first of these systems combining 
Ni(acac)2, pyrrole and TEA in molar ratios of 1:3:22 at 80 °C and 38 bar ethylene 
pressure to afford a reaction mixture containing 95.4 % liquid oligomers of which 69% 
was C6 (65% 1-C6, 62% 1-C6 overall) with an activity of 19.0 Kg mol Ni'1 h 1.
Mitsui Chemicals 41 have shown that the NiBr2(PhN=CHCsH4N) complex 
activated by 250 equivalents of MAO at 25 °C and 1 bar ethylene pressure affords a 
liquid product containing 60% trimer, 24% dimer and 16% tetramer with a catalyst 
activity of 611.6 Kg mol Ni'1 h '1.
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(Ph3P)2NiBr2 has been activated by MeAlCh 42 in a molar ratio of 1:300 to form 
a trimerisation catalyst. At 100 °C and 30 bar ethylene pressure this system afforded a 
reaction mixture containing 95% trimer at an activity of 6958 Kg mol Ni'1 h"1. These 





/M A O  /  \  ph3P\  .Br
Ni(acac) 2  /
\ / f
/  TEA >N' /  MeAlCl2
Ph3P \
62%  1-hexene 95% hexenes
Figure 21: Activity of NiBr2 (PhN=CHC5H4N)/MAO, Ni(acac)2/pyrrole/TEA, (Ph3P)2NiBr2/MeAlCl2
sytems in trimerisation of ethylene
1.6: Trimerisation Mechanism
In 2000 Kohn 43 expanded upon a previously proposed mechanism, (See Chapter 
5) by Briggs, 44 for the trimerisation of 1-hexene by triazacyclohexane chromium 
complexes activated by MAO, Scheme 3. This mechanism via metallacycles has also 
been supported by studies carried out by Jolly14 in which a chromacyclopentane was 
isolated from a reaction of the appropriate dichloride with active magnesium in the 
presence of ethene. A chromacycloheptane derivative was also isolated from a reaction 
of the appropriate dichloride with 1,6-dichloromagnesiohexane. The 
metallacyclopentane derivative was more stable than the corresponding 
metallacycloheptane with decomposition temperatures of Tdec = 151 °C and 56 °C 
respectively. The chromacycloheptane decomposes to give 1-hexene, and protonolysis
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of the product of the reaction of a chromacyclopentane derivative with ethene leads to 
the liberation of hexene and butane (1:3), Figure 22.
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Scheme 3: Proposed mechanism for the MAO activated R3TACCrCl3 1-hexene trimerisation
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The mechanism consists of the initial chromium trichloride complex being 
alkylated by the MAO and a methyl/chloride anion is abstracted to give a cationic 
complex. After insertion of a first olefin, p-hydride transfer with reductive alkane and 
alkene elimination gives a Cr(I) complex and the formation of methane and 2-methyl-1- 
hexene. Oxidative addition of two olefins gives the metallacyclopentane steady-state 
complex. The rate determining insertion of a third olefin molecule into one of the Cr-C 
bonds of the complex gives a metallacycloheptane which is unstable towards P-hydride 
and reductive alkane elimination to the Cr(I) complex to start the cycle again.
1.7: Chromium
As mentioned earlier there have been limited studies on the Phillips catalyst type 
system compared to other transition metal polymerisation catalyst. One major factor in 
the lack of characterised intermediates for this system is the paramagnetism of 
chromium. Cr(III) has a d3 electron configuration. In an octahedral arrangement the 
three electrons go into separate t2g molecular orbitals, as this configuration is more 
favourable than pairing any of the electrons. With no electrons needing to be paired the 






Figure 23: d electrons in chromium and octahedral Cr(III)
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In an NMR experiment (See Chapter 3) these three unpaired electrons produce a 
paramagnetic shift. Unpaired electrons give rise to large dipolar magnetic fields, the 
gyromagnetic ratio of the electron is 660 times that of the proton, which can result in 
substantial nuclear shielding/deshielding.
Another feature of the NMR of paramagnetic compounds is a line broadening 
associated with the distance of the nucleus under study from the paramagnetic centre. 
The spin-lattice relaxation rate of a pair of interacting nuclei is proportional to r'6.
i 4 / W  r?s?^S(S + i)
2 = T r i l ^ )  ?  c
Linewidths associated with relaxation are inversely proportional to the relaxation time.
1/ttT2 = X 
Therefore X x  1/r6
Factors affecting the amount of paramagnetic broadening are temperature, the viscosity 
of the solution and the size of the molecules.
Tl-  4irna3_  i)MW 
c M 3kT dNAkT
The correlation time xc is made up of the electronic relaxation correlation time xs, the 
rotational correlation time xr and the exchange correlation time xm- The rotational 
correlation time is Temperature T dependant, proportional to the viscosity r|, and 
molecular weight MW.
Due to this relationship between the line broadening and the distance from the 
chromium centre, measurement of line width can provide valuable structural 
information of complexes in solution. This information in conjunction with X-ray
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Wellington and Tollens, 45 and also Henry, 46 first studied the condensation reaction 
between formaldehyde and ammonia or primary amines in basic conditions. Their 
assignments of the products were alkylmethyleneimines (RNCH2). Work by Brocher 
and Cambier 47 and also Duden and Scharff 48 provided a new interpretation on the 
products obtained a heterocyclic structure (RNCH2)3 , Figure 1. The structure of these
1,3,5-trialkylhexahydro-sym-triazines or 1,3,5-trialkyl-1,3,5-triazacyclohexanes was 
demonstrated conclusively in a series of papers by Graymore. 49 In these papers 
Parachor determinations were calculated and show that the molecule has a cyclic 
structure with no significant equilibrium with its alkylmethyleneimine.
R
Figure 1: Structure of 1,3,5-trialkyl-1,3,5-triazacyclohexane 
With a vast selection of primary amines commercially available or easily
synthesised a large array of triazacyclohexanes is readily produced from a variety of
procedures: -
1. Direct combination of primary amine and an aqueous solution of formaldehyde
49c
2. Addition of aqueous formaldehyde to a primary amine in alcohol solution 50




The triazacyclohexanes are stable in basic or neutral conditions but on addition of 
acid they readily decompose. In acidic conditions the cyclic structure of the 
triazacyclohexane is in equilibrium with its alkylmethyleneimine that can react with 
water to give the corresponding primary amine and formaldehyde,49b Scheme 1.
R
Scheme 1: Decomposition of R3TAC in acidic conditions 
With the addition of zinc to the acidic conditions, hydrogen is liberated, which can 
also react with the alkylmethyleneimine to produce an alkylmetylamine,49c Scheme 2.
R
Scheme 2: Decomposition of R3TAC in acidic conditions with the addition of zinc 
Conformationally triazacyclohexanes could be thought of as being similar to
cyclohexanes. Both can adopt boat, twist, and most common chair conformations,
Scheme 3. In the case of cyclohexane the chair conformation is the most stable as it is
free of angular and torsional strain. The chair is 5.5 kcal/mol more stable than the twist
conformation 53 that in turn is 0.9 kcal/mol more stable than the boat. The boat
conformation is also free of angular strain but has considerable torsional strain added to
destabilised by van der Waals repulsions between the flagpole hydrogen atoms. The
twist conformation has reduced torsional strain but in doing so acquires angular strain.
Due to the destabilising forces in the boat and twist, chair conformations constitute over
99.9% of the mixture of isomers in cyclohexanes and also triazacyclohexanes. 54
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Axial interactions Flagpole Interactions
H H




Partial relief of eclipsing 
in twist
Scheme 3: Conformations of cyclohexanes 
In a chair conformation the governing forces are the axial interactions, in the case of 
substituted cyclohexanes these will be substituent - substituent, substituent -  proton, or 
proton - proton interactions. For triazacyclohexanes these interactions are now between 
lone pairs instead of protons Scheme 4. This change has a dramatic effect upon the 
preferences of preferred geometry between the cyclohexanes and triazacyclohexanes.
R R R
K — r ^ x ' H
X Qi X 0 i X i
lone pair - lone pair lone pair - substituent substituent - substituent
54
Scheme 4: Interactions between axial substituents and lone pairs in R3TAC 
Triazacyclohexanes and cyclohexanes can undergo ring inversions from one
chair form to another, this process put groups that were in an equatorial position to
being axial. The nitrogen atoms in triazacyclohexanes can also undergo nitrogen
inversion; this process, that is much more readily occurring, has the effect of switching
just one substituent from equatorial to axial or vice versa. These two conformational
32
Chapter Two
changes mean that any cyclohexane or triazacyclohexane can be in equilibrium between 
different conformations with the balance being pushed in favour of its preferred
geometry, Scheme 5.
Et
axial ethyl group prefered equitorial conformation
Et
Scheme 5: Equilibrium between conformations of substituted cyclohexanes
With this in mind consider the two molecules methylcyclohexane and 1,3,5- 
trimethyl-1,3,5-triazacyclohexane. Both molecules would be expected to place the 
methyl groups in equatorial positions, as they are greater in size than either a proton or 
lone pair, and so reduce to axial interactions. This is in fact the outcome for 
methylcyclohexane with the axial methyl conformation being 1.7 kcal/mol higher in 
energy than the equatorial arrangement. 55
Dipole moment studies on the triazacyclohexane system suggested equilibrium 
between a one axial methyl group and two axial methyl groups’ conformations. 56 A *H 
dynamic NMR study on the same system showed an almost exclusive preference for the 
one axial methyl conformation. 57 This result was later supported by a 13C dynamic 
NMR study that reported the same outcome. 58 It must be noted that these two studies 
were run at low observation frequencies with a low signal to noise ratio. This may mean 
that any signals due to minor conformations may not have been detected.
These results show that there are some surprising differences in preferred 
conformations between the two systems. These variances in conformation have been 
attributed to reduced steric repulsions between the axial methyl group and the axial
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nitrogen lone pairs as opposed to lone pair -  lone pair repulsions. 54 In addition there is 
a preferential orientation of bond dipoles, i.e., the anomeric effect. 59 In the one axial 
methyl group conformation the equatorial nitrogen lone pair is vicinal and anti to two 
electronegative nitrogen atoms. This orientation enhances n-a* orbital overlap, 
postulated to be an important stabilisation associated with the anomeric effect. There 
would also be an increase in dipole -  dipole interactions.
Systems in which there is an increase in the steric bulk of the substituents on the 
triazacyclohexane have also been studied. For 1,3,5-triethyl-, 1,3,5-tri-isopropyl, and
l,3,5-tri-tertbutyl-l,3,5-triazacyclohexane the dipole moments measured all predict the 
one axial alkyl group conformation as being the most stable. 56 Early 13C dynamic NMR 
spectra on the ethyl and isopropyl cases supported these findings. 58 A more recent 
study into the conformations of these three systems, and 1,3,5-trimethyl-1,3,5- 
triazacyclohexane, by *13 and 13C dynamic NMR, in different solvents, reveals some 
surprising results. 60 The *H NMR spectrum of 1,3,5-trimethyl-1,3,5-triazacyclohexane 
in dichlorodifluoromethane, (CF2CI2) a solvent that does not hydrogen bond to nitrogen, 
shows a single resonance due to the methyl groups and a broadened singlet due to the 
methylene protons at 340 K. On cooling the methylene signal decoalesces due to 
slowing chair -  chair interconversions. At 210 K these signals sharpen into an AX 
spectrum with a doublet representing the axial protons and a second doublet for the 
equatorial protons. At temperatures below 210 K there is a more complex decoalescence 
due to the slowing inversion of the nitrogen atoms. At 126 K the signals sharpen into a 
slow exchange spectrum with the methylene protons shown as an AX spectrum for two 
protons and a CM spectrum for the other four. The methyl groups show two singlet
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resonances one for each axial and equatorial. The spectrum at 126 K shows only the 
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Scheme 6: Assignment of ring protons in Me3TAC at changing temperature 
The same type of decoalescence spectra are found, in solvents that do not 
hydrogen bond to nitrogen (CF2CI2, CH2=CHCH3 , CH2=CHC1), for 1,3,5-triethyl-,
1,3,5-tri-isopropyl, and l,3,5-tri-tertbutyl-l,3,5-triazacyclohexane. In comparison with 
alkyl cyclohexanes in which isopropylcyclohexane and tertbutylcyclohexane 
preferentially adopt the equatorial conformation by 2.2 kcal/mol and 4.9 kcal/mol 
respectively, it is surprising to find a preferred axial conformation.
The same dynamic NMR studies performed in dichlorofluoromethane, (CHFCI2) 
a solvent that does hydrogen bond to nitrogen, 61 the 1,3,5-trimethyl-, 1,3,5-triethyl-, 
and 1,3,5-tri-isopropyl-1,3,5-triazacyclohexanes all show a strong preference, over 98 
%, for the monoaxial conformation. However the l,3,5-tri-tertbutyl-l,3,5- 
triazacyclohexane unanimously chose the triequatorial conformation. This is due to 
destabilisation in the monoaxial conformation by a sterically hindered axial r-butyl with 





Figure 2: Steric hindrance in eea conformation o f ‘Bu3TAC 
Conformations of triazacyclohexanes have also been studied by x-ray 
crystallography. Three systems in which this method has been employed are the 1,3,5- 
tricyclohexyl-, 6 2  1,3,5- tribenzyl-, 6 3  Figure 3 and the l,3,5-tri-/?-tolylmethyl-l,3,5- 
triazacyclohexane. 6 4  The tricyclohexyl system resides in the mono axial conformation, 
which given the previous results would be the proposed structure, due to the close 
resemblance in structure to isopropyl substituents. However the same is not true for the 
tribenzyl and tri-/?-tolylmethyl cases. The tri-/?-tolylmethyl compound adopts a mono 
equatorial conformation in the solid state, as does the tribenzyl compound below ca 250 
K. At higher temperatures, in the latter case, there is a disordered mixture between the 
mono axial and mono equatorial.
Figure 3: Preferred conformations of (cyclohexyl)3TAC and (benzyl)3TAC 
At temperatures above 250 K nitrogen inversion is occurring in the solid state 
and so more of the equatorial conformation is populated.
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Another class of triazacyclohexanes whose conformations have been almost 
exclusively studied by x-ray crystallography are the 1,3,5-triaryl-1,3,5- 
triazacyclohexanes. These are prepared in the same manner but starting from aniline 
instead of the amine. This class of compounds have been known for some time and 
were first synthesised by Wellington and Tollens . 4 5 X-ray analysis of the unsubstituted 
triphenyl system shows a preference for the mono equatorial conformation. The phenyl 
rings are aligned perpendicular to the symmetry plane of the triazacyclohexane ring that 
maximises the overlap between the phenyl 7r-orbitals and the nitrogen lone pair, 65 
Figure 4.
Figure 4: Overlap between phenyl substituents and nitrogen lone pairs 
The down side to this preferred orientation of the phenyl rings is unfavourable 
steric repulsions between the ortho- hydrogens on the equatorial phenyl rings and the 
neighbouring methylene protons in the triazacyclohexane ring. In the case of 
cyclohexylbenzene it is this steric factor that makes the perpendicular phenyl orientation
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3.9 kcal/mol higher in energy than the parallel phenyl. 66 There is also some steric 
hindrance due to the ortho- protons on the axial phenyl groups and axial lone pairs on 
the triazacyclohexane ring but these interactions are much less influential than those for 
the equatorial case.
These two factors can be seen more clearly with the conformational study of the 
ortho-, meta-, and para-fluorophenyl compounds 52 and the ortho- and para- 
chlorophenyl compounds. 67 1,3,5-Tri-/?ara-fluorophenyl-1 ,3,5-triazacyclohexane and 
its chloro counterpart preferentially adopt the mono equatorial conformation. The 
halophenyl group in the equatorial position lies perpendicular to the triazacyclohexane 
symmetry plane being 90 °. This orientation gives the maximum 7c-orbital and nitrogen 
lone pair overlap. The meta-fluorophenyl compound, which has slightly more steric 
bulk due to fluorine being larger than hydrogen, skews the phenyl ring by 54.1° to the 
symmetry plane. This orientation incorporates a significant degree of 7t-orbital and 
nitrogen lone pair overlap, whilst reducing steric interactions with methylene protons in 
the triazacyclohexane ring. The ort/zo-fluorophenyl compound, which has a larger steric 
bulk still, is orientated at 22.5 ° to the symmetry plane. To an even more exaggerated 
degree the ortho-chlorophenyl compound, which has the largest steric bulk of the five 
compounds, is orientated parallel or 0  ° to the symmetry plane and so has no rc-orbital 
and nitrogen lone pair overlap.
A less pronounced effect is seen in the case of the axial phenyl groups with a 




In all the triphenyl compounds the nitrogen atoms are distinctly pyramidal in 
character with the N -  C(aryl) bonds of the fluorophenyl series inclined at 32.6 -  48.5 ° 
to the corresponding H2C -  N -  CH2 plane, Figure 5. In comparison to the out of plane 
angle in the tetrahedral arrangement of 54.7 0 the N -  C(aryl) bonds are clearly fanned 
out from their positions in the ideal chair conformation to alleviate the repulsion 
between the axial aryl groups.
Figure 5: Angle between H2C -  N -  CH2 plane and phenyl substituent 
Changing the halogen substituent for a methoxy group also reproduces the same
results. 51 With the methoxy group in the ortho- position the aryl ring is much closer to
the parallel orientation to the triazacyclohexane symmetry plane than the para-
substituted with 32.8 -  40 0 and 62.4 -  63.6 0 respectively. The N -  C(aryl) bonds are
inclined at 30.8 -  44.9 0 to their respective H2C -  N -  CH2 planes.
2.2: Results and Discussion 
2.2.1: Triazacyclohexanes
The condensation reaction between a primary amine and paraformaldehyde in a 
1 : 1 ratio in toluene has been used to selectively produce a multitude of 1,3,5-trialkyl-
1,3,5-triazacyclohexanes, 68 Figure 6. Among the possibilities are straight chained 
substituents, l,3,5-tridodecyl-l,3,5-triazacyclohexane, 1 and 1,3,5-triallyl-1,3,5- 
triazacyclohexane, 3 branched substituents, l,3,5-tri-(2-ethylbutyl)-l,3,5- 
triazacyclohexane, 4 and l,3,5-tri-(2-ethylhexyl)-l,3,5-triazacyclohexane, 5 aromatic
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substituents, l,3,5-tri-/?ara-fluorobenzyl-l,3,5-triazacyclohexane, 6  and l,3,5-(2- 
thiophenemethyl)-l,3,5-triazacyclohexane, 7 and deuterated triazacyclohexanes 1,3,5- 
tridodecyl-1,3,5-d6triazacyclohexane. 2
n z n . Do Do
D 2
£ ^ 7 .
Figure 6: Synthesised l,3,5-trialkyl-l,3,5-triazacyclohexanes
The 3MMR spectra of all these triazacyclohexane compounds show a
characteristic broadened singlet at 5 = 3.2 -  3.5 representative of the six methylene 
protons, except compound 2 which shows a similar peak in 2H NMR due to the six 
methylene deuteriums. As the triazacyclohexane is undergoing chair -  chair 
interconversions on the NMR time scale an average of the axial and equatorial 
environments is observed and so the signal appears slightly broadened. All other signals 
appear sharp and as expected.
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The compound 1,3,5-(propyl-tri-ethoxysilane)-l ,3,5-triazacyclohexane g, Figure 
7, was synthesised in a similar fashion as the previous triazacyclohexane compounds 
except using the oxygen free equivalent of formaldehyde, N,N,N,N- 
tetramethylmetylenediamine, as to avoid water production and hence substitution of 
ethoxy for hydroxy groups on the silicon. This proceeds in toluene which after reaction 
is removed under reduced pressure along with the N,N-dimethylamine produced.
O
. 0
Figure 7: l,3,5-(propyl-tri-ethoxysilane)-l,3,5-triazacyclohexane 
l,3,5-Tris-(o-methoxyphenyl)-l,3,5-triazacyclohexane 9 has previously been 
synthesised 51 by the 1 : 1 reaction between 2 -anisidine and paraformaldehyde in xylene 
solution containing sodium hydroxide. The 1 : 1 reaction performed in toluene solution 
with no additional base yielded N,N’-bis-(2-methoxy-phenyl)-methanediamine 10, 
Figure 8, as the major product with no triazacyclohexane evident. The same compound 
10 is the only product from the 2 : 1 reaction under the same conditions. On cooling a 
solution of compound 10 in petroleum ether at 4 °C overnight colourless crystals formed 
which were characterised by X-ray analysis.
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Figure 8: Compound 10 viewed down the C2 axis 
The N -  CH2 bond lengths are 1.4480 (16) and 1.4415 (17) A similar to them 
seen in the triazacyclohexane 1.445 (2 ) -  1.481 (2 ) A. However the N -  C(aryl) bonds 
1.3852 (19) and 1.3886 (18) A are significantly shorter in 10 than the cyclic compound 
1.422 (2 ) - 1.429 (2 ) A, in addition the N -  CH2  -  N angle 117.14 ( 1 1 ) ° in 10 is 
appreciably wider than the internal ring angles 112.3 -  113.5 °. These angles provide 
verification that compound 10 has less strain than the triazacyclohexane and bond 
lengths imply a reduction in steric hindrance of the aryl groups as they are able to adopt 
a position in which a stronger bond to the nitrogen is formed and no unfavourable 
interactions with methylene protons endured.
The reaction, in either toluene or ethanol solution, between 2-anisidine and n- 
dodecylamine in a 1 : 2 ratio with 2.5 equivalents of paraformaldehyde, Scheme 7, results 











Scheme 7: Equation for the simultaneousformation of Do3TAC and compound 10 
Due to the weaker nucleophilicity of 2-anisidine compared with n-dodecylamine
the formation of D0 3TAC proceeds much quicker than reactions involving the anisidine.
Once again the anisidine stops reacting after the formation of 10. Hence, the need for
the stronger base to promote the dehydration of the more sterically hindered anisidine to
form the triazacyclohexane.
2.2.2 Mixed Triazacyclohexanes
The condensation reaction between two different primary amines or anilines and 
paraformaldehyde can be conducted in toluene solution stirring overnight followed by 
azeotropic distillation of the toluene with the water produced in the reaction. Scheme 8
2 R1NH2 + R2NH2 + 3 (H2CO)n
R 1 R 1 R 2 R 2
N---------------N------ N----- N----- N---------------N-----  ------------
30 % 44 % 22 % 4 %




When a ratio of 1 : 2 of the two primary amines is used a statistical mixture of 
four different products are expected, the symmetrical R^TAC 30 % and R23TAC 4 %, 
and the unsymmetrical R*2R2TAC 44 % and R!R22TAC 22 %. The actual ratio is 
dependent upon the reactivity of the two amines. This reactivity includes both the donor 
strength of the nitrogen lone pair to an electrophile, such as formaldehyde, and any 
steric effects imparted by the size and shape of the alkyl group attached to that nitrogen. 
As stated earlier anilines react at a reduced rate compared with aliphatic amines and 
therefore in this mixed reaction, between an aniline and a primary amine, an 
unstatistical mixture of the four products is formed.
A number of reactions have been carried out with the following results. Table 1 
The chemical shifts from 1H NMR are given for the methylene protons of the two 
unsymmetrical products, Figure 9, The symmetrical triaryl compound was not formed 
in any significant, i.e. not observable by NMR, amount in any of the reactions. For 
comparison the methylene protons for l,3,5-tridodecyl-l,3,5-triazacyclohexane and









Hb Hd Ar3TAC A : B : C %
He He
R = Do, X = H 3.48 3.64
4.94 68
14 : 60 : 264.15 4.38
4.72
R = Do, X = F 3.48 3.51
4.76 52
21 : 63 : 164.04 4.20
4.67
R = Do, X = Cl 3.48 3.52
4.78 67
28 : 64 : 84.08 4.25
4.71
R = Do, X = Br 3.48 3.52 21 : 63 :164.08 4.25
4.74
R = Do, X = CF3 3.48 3.56 6 : 84 : 104.20 4.40
4.92
R = Do, Ar = C6F5 3.48 3.62 8 : 79 : 134.08 4.40
4.69
R= EtBu, X = H 3.22 3.42
4.94
24 : 53 : 234.03 4.22
4.70
R= EtBu, X = F 3.22 3.51
4.76
25 : 50 : 254.07 4.20
4.68
R= EtBu, X = Cl 3.22 3.43
4.78
23 : 60 : 174.02 4.16
4.65
R= EtBu, X = Br 3.22 3.41 16 : 65 : 194.01 4.15
4.64
R= EtBu, X = CF3 3.22 3.55 4 : 68 : 284.21 4.39
4.93
R= EtBu, Ar = C6F5 3.22 3.58 26 : 68 : 64.07 4.32
4.68
Table 1: Chemical shifts of ring protons and composition of reaction mixture on formation of mixed
triazacyclohexanes
The *H NMR spectra, Figure 10, of each of the unsymmetrical 
triazacyclohexane compounds consist of two singlets in the ratio of 1 : 2, at 298 K, for
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the methylene protons. There are two distinct methylene environments on an 
unsymmetical triazacyclohexane, one between two nitrogen atoms with the same 
substituants, and one between two differently substituted nitrogen atoms. The latter of 
these two cases occurs twice in the molecule; hence the signal due to these protons is 
twofold the size of the signal for the other methylene protons. At room temperature both 
nitrogen inversion and chair -  chair interconversions occur rapidly, therefore on the 
NMR time scale methylene protons are interconverting between axial and equatorial 
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k k k
Figure 10: *H NMR spectra of the methylene region of the mixture of Do3TAC, Do2PhTAC and
Ph2DoTAC
The chemical shift of the methylene protons is dictated by the substituents on the 
nitrogen atoms adjacent to it in the triazacyclohexane ring. A methylene group between 
two N(aryl) groups gives a proton chemical shift higher than that seen for methylene 
protons between a N(aryl) and a N(alkyl), in turn these are higher than between two
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N(alkyl) groups. This ordering of chemical shifts can be more refined by including the 
electronegativity of the substituent on the aryl groups. As the aryl groups have the effect 
of drawing the electron density away from the nitrogen nucleus, and hence reducing the 
shielding created by that atom on the metylene protons, which is increased by additional 
electron withdrawing groups in the para- position. This deshielding effect increases in 
the order F > Cl > Br > H.
l-(2-Ethylbutyl)-3,5-bis-/?-fluorophenyl-l,3,5-triazacyclohexane 11 was studied 
by x-ray crystal analysis, Figure 11, and was found to adopt a mono equatorial 
conformation with the two fluorophenyl substituents in axial positions and the 2- 
ethylbutyl group occupying an equatorial arrangement. This orientation is comparable 













Figure 11: Structure of compound 11 in preferred eaa conformation
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In the triazacyclohexane ring the H2 C -  N bond lengths are 1.4525 (19) -  1.4731 
(18), mean 1.463 A similar to those in the tri-/?-fluorophenyl compound which are 1.443 
-  1.479, mean 1.460 A. The H2C - N  -  CH2 angles are 107.92 (12) -  110.19 (12); mean 
108.9 0 and the N -C H 2 - N  angles are 111.91 (12) -  113.27 (12), mean 112.59 °. The 
C(aryl) -  N bond lengths are 1.4249 (19) and 1.4259 (19) A and the C(aliphatic) -  N 
bond length is 1.4746 (19) A. The shorter bond lengths for the C(aryl) -  N bonds are 
consistent with a nitrogen bonding to an sp2 hybridised carbon as opposed to an sp3 
carbon atom in the C(aliphatic) -  N bond. A bond to an sp2 carbon atom will have more 
s character than to an sp3 hybridised carbon atom. The electrons are therefore held 
closer to the nucleus and so forms stronger and shorter bonds.
l-(2-Ethylbutyl)-3,5-bis-/?-chlorophenyl-l,3,5-triazacyclohexane 12 was studied 
by x-ray crystal analysis, Figure 12.
C12
Figure 12: Structure of compound 12 in preferred aae conformation
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Triazacyclohexane 12 was found to adopt a mono axial conformation with one 
of the chlorophenyl substituents being axial, the other one and the 2-ethylbutyl group 
preferring an axial arrangement. This orientation is comparable to the tricyclohexyl 
compound or most other trialiphatic triazacyclohexanes.
In the triazacyclohexane ring the H2C -  N bond lengths are 1.444 (2) -  1.488 
(2), mean 1.462 A similar to those in the tri-p-chlorophenyl compound which are 1.440 
(6) -  1.478 (7), mean 1.457 A. The H2C -  N -  CH2 angles are 108.29 (13) -  109.86 
(13); mean 109.15 0 and the N -CH2 -  N angles are 110.25 (13) -  114.02 (14), mean 
112.18 °. The C(aryl) -  N bond lengths are 1.416 (2) and 1.412 (2) A and the 
C (aliphatic) -  N bond length is 1.471 (2) A.
l-(2-Ethylbutyl)-3,5-fo‘s-/?-bromophenyl-l,3,5-triazacyclohexane 13 was studied 
by x-ray crystal analysis, Figure 13, and was also found to adopt a mono axial 
conformation, analogous to the l-(2-Ethylbutyl)-3,5-&/s-/?-chlorophenyl compound, 
with one of the bromophenyl substituents being axial and the other one in an equatorial 
position with the 2-ethylbutyl group occupying an axial arrangement.
In the triazacyclohexane ring the H2C -  N bond lengths are 1.446 (4) -  1.491 
(4), mean 1.464 A similar to those in the tri-p-chlorophenyl compound which are 1.440 
(6) -  1.478 (7), mean 1.457 A. The H2C -  N -  CH2 angles are 108.3 (2) -  109.7 (2); 
mean 108.9 0 and the N -CH2 -  N angles are 110.0 (2) -  114.2 (2), mean 112.1 °. The 
C(aryl) -  N bond lengths are 1.411 (4) and 1.420 (4) A and the C(aliphatic) -  N bond 
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Figure 13: Structure of compound 13 in preferred aae conformation 
As previously mentioned for 1,3,5-triphenyl-1,3,5-triazacyclohexane the phenyl 
rings are aligned perpendicular to the symmetry plane of the triazacyclohexane ring. A 
comparison of this angle o between these two planes Figure 14 shows that these 
unsymmetrical triazacyclohexanes do not follow in the same vein and adopt a slightly 
skewed orientation in which some 7c-orbital -  nitrogen lone pair overlap is sacrificed for 
less steric hindrance between o-arylhydrogens and methylene protons on the 
triazacyclohexane. This skewed orientation was observed with the axial aryl groups in 
the fluorophenyltriazacyclohexane compounds, Table 2.
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a is angle between bent planes abcf and cdefgh 
Figure 14: Definition of phenyl plane and plane perpendicular to the triazacyclohexane
o (°) equatorial aryl o (°) axial aryl
Ph3TAC 58 90.0 90.0
ip-FPh)3TAC 90.0 61.3
2-EtBu(p-FPh)2TAC 11 - 68.8 and 75.6
2-EtBu(p-ClPh)2TAC 12 61.2 64.3
2-EtBu(p-BrPh)2T AC 13 69.8 66.0
Table 2: Angle between plane of phenyl substituent and perpendicular plane of triazacyclohexane
2.3 Summary
Reported herein is the synthesis of a diverse range of 1,3,5-trialkyl-1,3,5- 
triazacyclohexanes. From the simple condensation reaction between a primary amine 
and paraformaldehyde in a 1:1 molar ratio the majority of primary amines will 
selectively cyclise to give the triazacyclohexane product. Primary amines that are much 
weaker nucleophiles and are also sterically cumbersome are shown to be much less 
readily reactive and reside at an intermediate compound RNHCH2NHR that consists of
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two amine units bridged by a methylene moiety. Primary amines of this type can be 
driven through to the triazacyclohexane by the addition of sodium hydroxide.
The condensation reaction between two primary amines, in a 1:2 molar ratio, 
with paraformaldehyde forms a mixture of triazacyclohexanes with a greater than 
statistical selectivity for the mixed triazacyclohexane RzR’TAC that includes the two 
amine moieties in the same ratio as the initial primary amines. A number of such 
compounds have been synthesised with the amine in lowest quantity being a substituted 
aniline derivative.
In solution both symmetrical and mixed triazacyclohexanes undergo 
conformation changes rapidly, on the NMR time scale, either by ring flipping or 
nitrogen inversion. Hence, !H NMR spectra at 298 K show a single broad peak for all 
six methylene protons in symmetrical triazacyclohexanes and two singlets of intensity 
2:1 for the two different environments of methylene protons in the mixed 
triazacyclohexanes.
Selective crystalisation of the bis-aryl mixed triazacyclohexane product from the 
reaction mixtures has been achieved in most cases. Analysis by X-ray diffraction gives 
evidence for these systems to prefer the aae conformation in the solid state. This 




3: l,3>5-Trialkyl-l,3,5-triazacyclohexane Complexes 
3.1: Introduction
Organometallic complexes play a vital role in homogeneous catalysis. These 
complexes are of such importance due to their vast versatility and their ability to be 
fine-tuned to any given reaction and as a source of activated catalysts. A general form 
for organometallic complexes could be written as LmMXn, and comprises of a metal 
centre (M), a ligand set (L), and a number of labile groups (X). The active site of an 
organometallic complex is the metal centre that can be any metal from an alkali metal to 
a /7-block element. After selecting a metal there is usually a choice of oxidation states 
that can dramatically change the hard- or softness of that metal and hence it’s affinity 
for different substrates. This variable oxidation state is prominent in transition metal 
complexes, with the addition of d-orbitals which are ideally suited to overlap with 71-  
orbitals of unsaturated organic molecules, these compounds are the most widely used in 
catalysis. These choices also dictate the nature of binding of various ligands to the metal 
centre from covalent to ionic or somewhere in between. The ligands are the essence, 
which make the catalyst selective for a specific reaction. The ligands dictate the 
electronic properties of the metal centre, apply steric hindrance to control the size and 
shape of the active site, and also provide any chirality governing the orientation of 
molecules at the active site. There are endless possibilities for the ligands, with a 
different type and number of donor atoms, various binding modes, a range of backbone 
frameworks, and a choice of charges. There is also a wide range of labile groups that 
vary in their binding ability to different metals and therefore can be tuned to help
53
Chapter Three
stabilise intermediates and precatalyst or to not interfere with the active site during 
catalysis.
1,3,5-Trialkyl-l ,3,5-triazacyclohexanes have three nitrogen atoms that have the 
possibility of donating one, two, or three lone pairs of electrons to form bonds with 
metal species. To date only two of these coordination modes have been structurally 
characterised by X-ray crystallographic methods, but a k 3 binding mode in a couple of 
copper complexes have been found to have only two strong bonds to the 
triazacyclohexane and so is considered as a k 2 binding mode, despite this binding mode 
being less common it can not be rejected as an important binding mode during catalysis.
The k 1 binding mode, in which only one of the three nitrogen atoms is bound to 
one metal centre, has been observed with dimethylzinc, dimethylcadmium, 69 and 
trimethylaminoaluminiumhydride. 70 Reaction of either dimethylzinc or 
dimethylcadmium with a greater than 1:2 ratio of metalalkyl to triazacyclohexane 
results in the formation of the bis adduct, Figure 1.
Figure 1: Zn(Me)2(K1-Me3TAC) 2  and Cd(Me)2(K1-Me3TAC) 2  complexes with triazacyclohexane involved
in k 1 coordination
In both the zinc and cadmium cases two triazacylohexanes are bound to the 




donated from the nitrogen to form the bond. For all the triazacyclohexane ligands the 
metal has been bound into an equatorial position in relation to the ring, this is a 
consequence of reducing the 1,3,5-axial interactions, by placing a relatively smaller 
methyl group into the axial position instead. The nitrogen -  metal bond lengths 2.41 A, 
in the zinc complex, are relatively long compared with another like donor zinc 
compound Zn((CH2)3N(CH3)2)2 with a Zn -  N bond length of 2.32 A.
Reaction of trimethylaminoaluminiumhydride with 1,3,5-trimethyl-1,3,5- 
triazacyclohexane in a 1:1 ratio results in a polymeric species [H3Al(Me3TAC)]oo, 
whereas in a 1:2 ratio in favour of the triazacyclohexane, a bis complex is produced, 
Figure 2.
Figure 2: [H3Al(Me3TAC)]«> polymer and H3Al(Me3TAC)2 complex with triazacyclohexane involved in
k 1 coordination
In both the polymeric and the monomeric forms the triazacyclohexanes bind to 
any given metal centre in a k 1 fashion with the metal fragment in an equatorial 
orientation, as with the zinc and cadmium complexes, to reduce the amount of steric 
interactions. The mean nitrogen -  aluminium bond lengths in the monomeric form 2.19 
A, and the polymeric form 2.22 A are much longer than for the weakly associated 
[(H3Al(BzNMe2))2] complex with a mean A1 -  N bond length of 2.09 A, and slightly
55
Chapter Three
longer than in H3Al(NMe3 ) 2  with an average A1 -  N bond length of 2.18 A. These 
weaker bonds between A1 -  N(TAC) and also Zn -  N(TAC) as compared with the 
corresponding M -  N(none heterocyclic) bonds show that in the k 1 binding mode 
triazacyclohexane nitrogen binding is slightly weaker than other amine donor ligands.
This k 1 type of binding has been observed for a triazacyclohexane to more than 
one metal centre, in an axial position, in some copper cluster compounds,71 Figure 3.
Figure 3: Copper clusters involving triazacyclohexanes in k 1 coordination bridging metal centres 
Both cluster compounds show a triazacyclohexane binding to three different 
Cu(I) metal centres that show metal -  metal bonds in a triangular arrangement. All the 
copper atoms are bound in the axial position placing them all on the same face of the 
triazacyclohexane. In the first example there are also two triazacyclohexanes binding 
only two copper metal centres, that are also bound in axial orientations, but show no 
significant change in bond length to the previously described triazacyclohexane - copper 
bonds.
In contrast complexes of copper bound to triazacyclohexane in a k 3 fashion, but 
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Figure 4: Et3TACCuCl2 and [Me3TACCu(n2-Cl)Cl]2 complexes involving triazacyclohexanes in k 2
coordination
In these Cu(II) complexes the bonding atoms attempt to arrange in octahedral 
geometry, but due to the Jahn-Teller effect arising from the unequal occupation of the eg 
pair of orbitals when a d9 ion is subjected to an octahedral crystal field, there is an 
elongation of the octahedron. As the coordination number of these copper complexes is 
5 there are four short bonds in an almost square plane and one long bond at 
approximately 90° to this plane forming a square pyramidal structure. For the first 
complex the Cu -  N bonds part of the square plane are 2.0706 (12) and 2.0952 (13) A 
whereas the third Cu -  N bond is 2.5218 (13) A showing this to be a much weaker 
interaction.
The most common binding mode of triazacyclohexanes to a Lewis acidic metal 
centre is by k 3 coordination by which all three nitrogen lone pairs donate to the same 
metal. The first metal alkyl group found to form an adduct with a triazacyclohexane was 
Et3TACInMe3 but as this complex was a liquid at room temperature nothing could be 
interpreted about the nature of bonding. However since this first discovery the methyl-, 
wo-propyl-, and tert-butyl- triazacyclohexane trimethyl indium adducts have been 
prepared. 74,75 From this group of compounds the iso-propyl- complex, Figure 5, was
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studied by X-ray crystallography to reveal the familiar piano stool structure of a fac- 
octahedral geometry of a six coordinate indium metal centre.
All three alkyl substituents on the triazacyclohexane ring must adopt equatorial 
positions as to allow the nitrogen lone pairs to point in the same direction, towards the 
indium /7-orbitals, and hence bind to the metal centre. Although there are three nitrogen 
atoms bound to the indium the strength of the coordination between the 
triazacyclohexane and the metal is not in the vicinity of the sum of three monodentate 
amine ligands, in fact it is much lower.
A variable temperature study on this class of indium complexes 74 reveals that 
ring inversion of the ligand also occurs in these compounds, as was seen in the free 
triazacyclohexanes, but during the process must remain associated with the metal by 
one In -  N bond. In comparison of this process with that of the free triazacyclohexane it 
is found that the increase in strength given to the adduct by the two extra In -  N bonds 
amounts to about 4.5 kJ / mol. In context this means that the triazacyclohexane is bound 
to indium by 85 -  90 kJ / mol compared with one NMe3 group binding to indium with 
83 kJ / mol.
Figure 5: 'Pr3TACInMe3 involving triazacyclohexane in k 3 coordination
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This lower than expected binding energy between the three equivalent nitrogen 
atoms and the indium metal centre are the cause of long In -  N bonds observed for these 
complexes and in the case of 'P^TACInMes the longest In -  N bond to date 2.78 A.
Dynamic NMR spectra on a class of titanium triazacyclohexane complexes, 
Figure 6, 76 confirms the view that 1,3,5-trimethyl-1,3,5-triazacyclohexane is not as 
strongly binding as would be expected. However larger alkyl- substituted 
triazacyclohexanes show a larger affinity for coordination to the titanium metal centre.
R
Figure 6: Structure of R3TACTi(Cl)2=NR’ complexes
The room temperature NMR spectra of the tert-butyl compounds and the low
temperature (slow exchange) spectra of the methyl complexes show resonances 
consistent with a tert-butyl or 2 ,6 -C6H3*Pr group and a coordinated triazacyclohexane. 
The signals due to the triazacyclohexane reveal two environments of substituents on the 
nitrogen atoms, methyl or rm-butyl, being in either cis- or trans- positions to the Ti=N- 
R’, and two pairs of inequivalent methylene linkages. At room temperature the 
Me3TAC complexes do not retain these same spectra, the tert-butyl or 2 ,6 -C6H3lPr 
signals remain sharp and are temperature independent but the resonances due to the 
Me3TAC are broad. The dynamic NMR spectra of these compounds were assigned to an 
in-place trigonal twist of the triazacyclohexane ligand. Variable temperature NMR 
spectroscopic experiments including spin saturation transfer 77 were used to identify site 
exchange of the methyl groups with respect to Ti=N-R, and also between the two sets of
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axial metylene protons, and equatorial protons. There was however no exchange 
between axial and equatorial methylene protons with each other, indicating that the 
process occurring does not proceed via complete dissociation of the triazacyclohexane, 
as was observed in the indium complexes.
l,4,7-trialkyl-l,4,7-triazacyclononanes (R3TACN) are a slightly larger 
counterpart to the triazacyclohexane, due to the larger ring size the nitrogen atoms have 
much more flexibility. This reduced torsional strain allows for a greater directing ability 
of the lone pairs for a more preferential overlap with metal d-orbitals than in a 
triazacyclohexane complex. It has therefore been proposed that triazacyclononanes form 
more stable complexes than triazacyclohexanes. 78 Ligand substitution reactions 
performed on the titanium triazacyclohexane complexes support the weaker binding of 
the MesTAC ligand. Addition of Me3TACN to the methyltriazacyclohexane titanium 
complex resulted in 50 % ligand substitution at room temperature after seven days; 
heating at 75 °C for a further 24 hours pushed the reaction to completion. The same 
procedure on the terf-butyltriazacyclohexane titanium complex resulted in only minor 
traces of the Me3TACN complex. As there is no reaction between the Me3TACN 
titanium complex and free triazacyclohexane under the same temperature conditions 
Me3TACN complexes are more stable than the corresponding triazacyclohexane 
compounds with Me3TAC forming less stable complexes than 'BU3TAC. However 
triazacyclohexane exchange reactions are slow and a significant activation energy 
barrier must be overcome.
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In comparison of triazacyclonanes and triazacyclohexanes as ligands for metal 
complexes the compounds of both tin and germanium with each ligand, Figure 7, have 
been studied by x-ray crystallography. 79
M = Sn or Ge
+
Figure 7: Structures of tin and germanium [Me3TACMBr3] and [Me3TACNMCl3] cations 
1,3,5-trimethyl-1,3,5-triazacyclohexane and 1,4,7-trimethyl-1,4,7-
triazacyclononane react with MBr4 and MC14 (M = Sn or Ge) respectively in a 1 : 1 ratio
to give complexes in which the specified ligand binds in a k 3  fashion to both tin and
germanium. The heterocyclic-metal fragments are all cationic species with various
anions from simple halide ions in salt formation for the germanium complexes to the
hexahalogenostannate anion [SnX6]2’ in the tin complexes. In all the complexes the tin
and germanium are six coordinate in a skewed octahedral geometry. The chelating
triazacyclononane has a mean N -  Sn -  N bond angle of 79.1 0 and a mean N -  Ge -N
bond of 82.9 0 the corresponding angles for the triazacyclohexane complexes are 59.7 0
and 64.3 Coordinating in a fac- orientation but with smaller acute N -  M -N  angles than
optimal octahedral geometry of 90 °. The much larger and more optimal geometries of
the triazacyclononane complexes emphasises the larger ring size, with reduced ring




Figure 8: Direction of nitrogen lone pairs in R3TAC and R3TACN complexes
The mean metal -  nitrogen bond length in the triazacyclononane complexes are 
Sn -  N 2.244 A and Ge -  N 2.113 A whereas the corresponding bond lengths for the 
triazacyclohexane compounds are 2.311 A and 2.142 A respectively. The longer metal -  
nitrogen bond lengths in the triazacyclohexane complexes is another sign of the weaker 
bonding and hence the misdirected donating lone pairs.
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Many group 6  triazacyclohexane complexes have been synthesised ‘ the first 
group of which we will look at are the tricarbonyl compounds, Figure 9.
CO
Figure 9: Structure of chromium, molybdenum and tungsten triazacyclohexane tricarbonyl complexes 
All these triazacyclohexane complexes form the familiar piano stool
the lack of stability given to the complexes by the Me3TAC ligand is evident as all it’s 
associated complexes are air sensitive whereas all the complexes with 'BuaTAC are 
stable in air indefinitely. This lack in coordination strength of the Me3TAC ligand has 
been exploited in the preparation of a number of molybdenum and tungsten products 
/flc-[M(CO)3(CHaCN)3] (M = Mo, W), [W(CO)3(alkyne)3], [W(CO)3(PRa)3] and
R
OC CO
M = Cr, Mo, W 
R = Me, 'Bu, PhCH2
conformation in which the heterocycle is bound in a k 3  fac- coordination. Once again
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[W(CO>3(r|6-arene)]. 84 The Me3TAC ligand can be easily displaced by acetonitrile, 
PPh3 , PIPr3, and DMSO at room temperature and at reflux for two hours with 
diphenylacetylene, benzene, and toluene.
As nitrogen atoms are particularly hard donors they should bind most strongly 
with harder metal acceptors, this is the case with these group 6  metal carbonyls. Taking 
the rBu3TAC complexes as examples the chromium is the hardest of the three metals 
with molybdenum and tungsten quite similar in size, hence the mean metal -  nitrogen 
bond lengths are Cr -  N 2.210 A, Mo -  N 2.347 A, and W -  N 2.332 A and the 
respective N -  M -  N bond angles are 63.2 °, 59.5 °, and 59.8 °. From these values it can 
be seen that chromium gets closer to the triazacyclohexane ring and binds more 
strongly, than the other two metals, and is the reason why the Me3TAC ligand 
displacements are much more demanding for the chromium complexes. The same trend 
is observed for the corresponding metal amine complexes with average bond lengths of 
2.15, 2.26 and 2.26 A for chromium, 85 molybdenum, 86 and tungsten 87 respectively.
Trans to the triazacyclohexane the three carbonyl groups have close to optimal 
octahedral geometry 90 °. The mean C -  M -  C bond angles for the 'BU3TAC metal 
carbonyl complexes are C -  Cr -  C 85.6 °, C -  Mo -  C 85.0 °, and C-W -  C 86.1° 
showing that the triazacyclohexane is imparting very little, if any, steric hinderance on 
these groups. The carbonyl region of the infrared spectrum of these compounds show 
two bands centred at 1900 (Ai mode) and 1760 cm' 1 (E mode) as expected for facial 
tricarbonyl complexes of C3V symmetry with the lower band broadened or split due to 
lower site symmetry in the crystal. For the 'BU3TAC chromium tricarbonyl complex the 
stretching frequencies for the carbonyl groups are 1901, 1771, and 1756 cm' 1 these are
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higher than the corresponding values for the 'PrsTACN chromium compound 1886, 
1750, and 1720 cm'1. The triazacyclononane is a stronger c-donor in these complexes, 
due to the more directing nature of the nitrogen lone pairs; this therefore increases the 
electron density at the metal centre. Through increased metal to CO back bonding the 
carbonyl bond will be weaker and so lower stretching frequencies in these complexes 
than the triazacyclohexane compounds.
Another class of chromium triazacyclohexane complexes have been reported,88, 
19,20 Figure 10, these are the trichloride compounds that adopt the same configuration as 
the carbonyl complexes. Unlike the carbonyl compounds that involve zero valent 
chromium, these complexes have a chromium centre in a +3 oxidation state. As these 
complexes are six coordinate and are in octahedral geometry the chromium is 
paramagnetic. These trichloride complexes are purple solids that are inert to air and 
moisture.
The choice of alkyl substituent on the triazacyclohexane ring is of vital 
importance in terms of solubility of these complexes as short chain alkyl substituents 
lead to insoluble compounds in most common solvents and are only slightly soluble in 
polar solvents such as DMSO. The cyclohexyl- and benzyl- substituents form
R
R = Me, n-Pentyl, n-Octyl, n-Dodecyl
'Pr, Cy, Bz
Cl
Figure 10: Structure of R3TACCrCl3 complexes
complexes that show solubility in chlorinated solvents (up to 6  g I'1) whereas long chain
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alkyl substituents produce compounds soluble in most common solvents and even to 
some degree in warm hexane.
The UV-Vis spectra of BZ3TAC and Cy3TAC chromium trichloride complexes 
in DCM show the first two absorptions due to the octahedral Cr(III) d - d  transitions 
A2g —► T2g and A2g —> Tig(F). The average ligand field parameters were derived as A0 = 
13989 cm'1, 13651 cm'1, and B’ = 570 cm'1, 550 cm' 1 respectively. A third transition 
A2g —► Tig(P) was seen as a shoulder at 29917 and 27400 cm' 1 respectively. With the 
ligand field parameters for [CrC^]3' and [Cr(en)3]3+, an average A = 17500 cm' 1 and B’ 
= 600 cm' 1 can be expected for (amine)3CrCl3 . These values show that 
triazacyclohexanes cause a much weaker ligand field splitting and a smaller Racah 
parameter B’ than normal amine ligands. These two complexes have been modified into 




Scheme 1: Formation of R3TACCr(Bz)3 complexes
The UV-Vis spectra of these two alkylated complexes show two absorptions due 
to d -d  transitions as with the trichloride compounds giving ligand field parameters A = 
15822 cm' 1 and B’ = 670 cm' 1 for the BZ3TAC complex and A = 15820 cm' 1 and B’ = 
470 cm' 1 for the Cy2TAC compound. As would be expected the ligand field splitting is 
increased on alkylation. On comparison of these spectra with those of [Cp*Cr(CH2Ph)3]'
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and [Cp’Cr(CH2Ph)3]Li 20 A = 15800, 16600 cm'1 and B’ = 200, 180 cm'1 respectively, 
it can be seen that the ligand field splitting caused by Cp* is similar to that of 
triazacyclohexane, but B’ is much smaller due to the more covalently bound Cp*.
3.2: Results and Discussion
3.2.1: Triazacyclohexane Chromium Complexes
l,3,5-trialkyl-l-3-5-Triazacyclohexane chromiumtrichloride complexes can be 





Scheme 2: Preparation of R3TACCrCl3 complexes
Each of these methods has their own advantages and limitations. A slight excess 
of trialkyltriazacyclohexanes can be reacted in toluene solution with chromium 
trichloride, a metallic purple solid insoluble in most solvents, in the presence of a small 
amount of zinc powder. The mixture is heated to reflux until a purple solution is formed 
and no more unreacted chromium trichloride is observed. The solution is then filtered to 
remove the zinc powder and after removal of solvent under reduced pressure a crude 
purple solid complex is formed. Various complexes of this type are cleaned in different 
ways depending upon solubility and reactivity. Readily soluble complexes in DCM can
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be separated from any impurities by column chromatography through silica gel. 
Collection of the purple fraction followed by removal of solvent at reduced pressure and 
thrice washing with hexane yields a clean purple powder of the desired 
triazacyclohexane chromiumtrichloride complex. Less soluble complexes can usually be 
cleaned by washing the crude product with diethyl ether that removes most impurities, 
followed by the thrice washing with hexane to yield the required product.
The small amount of zinc in this reaction is to promote a redox process in the 
chromium. The chromium trichloride initially is unreactive toward triazacyclohexane 
but can be reduced by the zinc powder to Cr(II) that will readily react to form the 
complex. On formation the chromium will then undergo oxidation back to Cr(III) with 
the self-perpetuating motion of reducing more of the chromium trichloride, or with the 
zinc ion produced in the initial reduction.
This method for producing this type of chromium complex is very valuable in 
the production of fairly large quantities as all the starting reagents are cheap. The 
reagents, and in most cases the products, are not air or moisture sensitive and so the 
presence of an inert atmosphere may be employed but is not essential during reaction. 
This lack of sensitivity leads to much more simple set up and manipulations of the 
reagents and reaction mixture.
The second preparative method involves the moisture sensitive purple 
chromiumtrichloride tristetrahydrofuran complex [CrCl3 (THF)3] that on contact with 
water becomes a green aqua complex and is inactive towards triazacyclohexane. This 
form of chromiumtrichloride, as can be seen from the reaction with water, is much more
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reactive than C1CI3 . The tetrahydrofuran groups are labile in solution and so vacate 
coordination sites that are readily filled by a lone pair on a triazacyclohexane molecule. 
The manipulation of this compound and the following reaction must be performed 
under inert atmosphere. This reaction proceeds for different triazacyclohexanes in a 
variety of solvents but in the majority of cases proceeds in DCM. After addition of 
[CrCl3(THF)3] to a solution of triazacyclohexane in DCM the mixture is stirred until a 
purple solution of the desired complex is formed, that usually requires less than 24 
hours at room temperature. Once the reaction has gone to completion the product can be 
worked up in the same ways as previously described for the other method. This method 
is much more active than with CrCl3 and so can be used for much less donating 
triazacyclohexanes. The conditions required for reaction are less harsh as no heating is 
required and the yields tend to be higher. However due to the expense of the 
[CrCl3(THF)3] starting material and the inert conditions this reaction is not as 
economical for larger quantities of complex.
All the complexes formed by either of these two methods are Cr(III) complexes 
bound to a single triazacyclohexane in a k 3  fashion. This general structure can be 
observed in the single crystal x-ray analysis of the l,3,5-triallyl-l,3,5-triazacyclohexane 
chromium trichloride complex. 14, Figure 11, This complex was prepared using the 
[CrCl3(THF)3] method in THF and single crystals were grown from the mother liquor 







Figure 11: Structure of Allyl3TACCrCl3 14
As is common with a number of complexes of this type this compound has a Cj 
symmetry that indicates a symmetrical molecule about a 120 ° rotation about an axis 
going through the centre point of the triazacyclohexane and the chromium atom. This 
symmetry element indicates that the corresponding bond lengths and angles in each of 
the (allyl)N(CH2)CrCl fragments are the same, Table 1.
C r - N 2.099 (2) N - C r - N ( l ) 66.12(10)
C r - C l 2.283 (7) N -  Cr -  Cl 95.71 (6)
C (1) -  N 1.483 (3) N -  Cr -  Cl (2) 157.35 (7)
N - C  (11) 1.480 (3) Cl -  C r - C l  (1) 99.34 (3)
C (11) -  C  (12) 1.491 (4) C (11) -  N -  Cr 127.47 (17)
C (12) -  C (13) 1.309 (5) C (1) -  N -  C (2) 109.6 (2)
Table 1: Selected bond lengths and angles for complex 14 
The Cr -  N bond lengths are at the lower limit of the range observed in other 
Cr(III) -  triazacyclohexane complexes (2.10 -  2.30 A) 20,88,89 and is similar to the Cr -
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N bond length seen in the (n-Octyl)3TACCrCl3 complex 2.095 (7). 43 This bond is even 
shorter than that in the analogous tri-n-butyl- substituted 1,4,7-triazacyclononane 
chromiumtrichloride complex (2.15 A). 90 This comparison shows that that the lower 
steric demand of the triazacyclohexane can overcome the weakening of the bond caused 
by the miss-directed lone pairs. As seen with other triazacyclohexane complexes bound 
in the k 3  fashion the N -  Cr -  N angles are much smaller than the ideal octahedral angle 
of 90 ° and therefore allow the chloride substituents to be a bit more relieved from this 
angle.
The crystal packing, Figure 12, shows a continuation of the C? symmetry. The 
allyl substituents have been removed for clarity but are not involved in the hydrogen 
bonding network or significant interaction with neighbouring molecules. The 
triazacyclohexane chromium complexes are staked in columns with the three chlorides 
of one molecule sitting over the axial methylene proton of the triazayclohexane of the 
complex below. These Cl" H hydrogen bonds (2.729 A) are the strongest in this 
structure. The other hydrogen bonds, in this stucture, that connect the columns together 
are between the chloride substituents of one complex molecule with the equatorial 
methylene protons on a neighbouring columns molecule (2.733 A). The complexes are 
all orientated the same way with the hydrogen bonds to the equatorial methylene 
protons being to the molecule above that in which the corresponding chloride is bound, 




Figure 12: Intramolecular Cl H hydrogen bonding within 14 (allyl groups removed for clarity)
The l,3,5-tri(2-phenylethyl)-l,3,5-triazacyclohexane chromium trichloride 
complex 15 has been synthesised by the CrChTHF3 method and single crystals, that 
have been studied by x-ray crystallography, Figure 13, were grown from a saturated 
solution of DCM left to stand at 4 °C.
Figure 13: Structure of (PhEt)3TACCrCl3 15 
Unlike the previous compound this complex does not have the same Cj 
symmetry due to disorder in the crystal of one of the phenylethyl group substituents on 
the triazacyclohexane. However this disorder does not affect the similarity in bond 
lengths and angles, Table 2, significantly more the majority of the molecule but some
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changes are noted around the disordered substituent. The triazacyclohexane still binds in 
a k 3  fashion with all its substituents in equatorial positions and forming a complex in a 
distinctive piano stool arrangement.
C r - N ( l ) 2.097(18) N (1) -  Cr -  N (2) 66.03 (8)
C r - C l  (1) 2.285 (6) N (1) - C r - C l  (1) 94.28 (5)
C (1) -  N (1) 1.481 (3) N ( l ) - C r - C l  (3) 157.87 (5)
N ( l ) - C ( l l ) 1.476 (3) Cl ( 1 ) - C r - C l  (2) 97.84 (3)
N (2) -  C (21) 1.583 (5) C r - N (1)- C  (11) 125.23 (13)
N (2) -  C (21a) 1.491 (5) C (1) -  N (1) - C  (2) 109.10(17)
Table 2: Selected bond lengths and angles for 15 
The Cr -  N bond lengths are similar to that noted for the
triallyltriazacyclohexane complex showing no distinctive differences between the steric
and electronic properties of the ligands towards the chromium metal centre. The N -  Cr
-  N angles are also very similar, but with slightly larger N -  Cr -  Cl bond angles the
three chloride substituents are pushed fractionally closer together. This is probably due
to the phenylethyl substituents being to some extent more bulky, and the Cr -  N -  C
(11) angles being smaller suggesting the substituents are not quite as far spread than in
the allyl case.
Although there are no significant changes in the bond lengths and angles in the 
TACC1CI3 section of this complex, compared with the same vital unit in the crystal 
structure of 14, there are many differences to be noted in the packing of the this 
structure, Figure 14. These discrepancies are due to the phenyl ethyl groups, although 
not aligned dissimilarly to the allyl substituents, are larger and create more steric bulk.
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Figure 14: Intramolecular Cl H hydrogen bonding in 15
Unlike complex 14 the molecules in this structure are not aligned with 
consecutive TACCrCb units eclipsing each other in the column. Instead the molecules 
in a column are skewed with only one chloride substituent from a given molecule 
hydrogen bonded to an axial proton on the triazacyclohexane of the complex below 
(2.842 A). This is still the strongest hydrogen bond found in this structure but is not as 
strong as those seen in the allyl complex. One of the other chloride substituents finds a 
proton on the (3-carbon of a phenylethyl subsituent in which to hydrogen bond with 
(2.880 A). The third chloride substituent is involved in hydrogen bonding between the 
columns and interacts with a meta- proton of a phenyl group (2.870 A). Along with this 
hydrogen bonding between columns there is 7c-stacking between phenyl rings that are 
orientated parallel to each other. The orientation of the molecules in a column is anti to 
that of the following column.
3.2.2: Param agnetic NM R
NMR studies on these type of compounds is not as informative as of many other 
complexes due to the highly paramagnetic nature of Cr(III) in an octahedral field with a 
d3 configuration, hence three unpaired electrons all aligned in the same direction. The
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effects of this paramagnetism are a line broadening of the signals and a shift in parts per 
million (ppm).
In a typical inversion recovery NMR experiment the magnetization in the z 
plane Mzis initially inverted by applying a 180 ° pulse. It’s recovery along the z axis is 
given by Mz (t) = Mz (oo) -  2MZ (oc) exp(-Rit) where Mz (oo) is the equilibrium value of 
Mz. Mz (t) at various times t is sampled by applying a 90 ° pulse and measuring the 
intensity of the detected signal. Ri is then extracted from a fitting of the data to an 
exponential recovery. If the rate of reaching equilibrium is measured orthogonally to the 
magnetic field, by sampling the projection of the magnetization in the xy plane, a 
different rate constant is obtained R2 . Ri and R2 are known as the longitudinal and 
transverse relaxation rates respectively and correspond to the relaxation times T f 1 and 
T2' 1. The longitudinal process only involves energy exchanging with the lattice, or 
environment, through switches of energy levels. Hence the longitudinal relaxation time 
is also called the spin lattice relaxation time. These processes also contribute to the 
transverse relaxation including spin-spin flip-flop transitions, for this reason R2 is also 
known as spin-spin relaxation. Due to the extra contributions to R2 the relation R2 > Ri 
always holds.
In a pulsed experiment the rate of reaching equilibrium is equal to the rate of
disappearance of magnetization in the xy plane. This process is exponential with time
constant T2 . The cosine Fourier transform of this exponential decay is:
foo To
exp (-t/r2)cos(oot) d t = -------- ^ — t -
J 0 ^  w  1 + ©2T^
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The frequency function is a Lorentzian with line width at half height of X.1/2 = R2/71. Due 
to this relation between relaxation and the line width the faster the relaxation of any 
given nuclei the more broad that signal will appear. Nuclear relaxation can be prompted 
by three different mechanisms, electron relaxation, rotation of the molecular frame, and 
chemical exchange. For paramagnetic Cr(III) complexes the most prominent of these is 
the electron relaxation. In paramagnetic molecules, the magnetic nucleus does not see 
an unpaired electron as localised, but as spin density distributed throughout space, with 
an integrated intensity equal to that of a single electron. As a result, in every unit 
volume, the spin density corresponds to just a small fraction of an electron. Such a 
fraction will spend some time in the low Zeeman energy levels (negative Ms) and a 
slightly reduced time in the higher energy levels (positive Ms). Changes in the Ms value 
involve adjustments in the orientation of the electron magnetic moment. The time­
sharing of the levels occurs through electron relaxation. Electron relaxation thus 
provides fluctuating magnetic fields and cause nuclear relaxation. For the chromium 
complexes the nuclear relaxation is metal centred with the unpaired electrons providing 
the fluctuating electron dipolar field, Figure 15.
Figure 15: Electron relaxation causing fluctuating magnetic fields 
Due to this type of relaxation, line widths at 500 MHz of a proton at 5 A 
distance from a Cr(III) centre are reported as 3000 -  25 000 Hz.91,92,93
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Unpaired electrons have a preference to align with an external magnetic field in 
the absence of any restrictions. Therefore, their magnetic moment will add to that of the 
external field and hence increase the effective magnetic field felt by a nucleus. This 
interaction between unpaired electrons and nuclei is known as hyperfine coupling.
Due to a combination of these two factors some interesting results can be 
interpreted and to a small degree characterisation of compounds can be conducted. The 
most commonly preferred nucleus in NMR experiments is *H in which compounds can 
quite often be characterised by its spectra alone. However, for these Cr(III) complexes 
the lH NMR spectra are dominated by couple of broad signals that swamp the spectra 
covering many of the other signals resulting in futile integration and somewhat 
meaningless chemical shift values.
13C NMR can be used to a much greater effect. With a much larger window for 
the signals and with larger differences in ppm between signals, means that resonances 
tend to overlap less often, leading to a greater ability to interpretation. Although the 
study of the carbon nucleus seems more promising the line broadening still causes 
problems with nuclei close to the paramagnetic centre. For a dipolar coupling between 
an electron and a nucleus, the effect of which on the relaxation rates is found to be 
inversely proportional to the distance between the two bodies to the sixth power.948 
Hence the closer the nucleus under observation is to the paramagnetic chromium centre
the larger the line width will be. In practical terms carbon atoms that are within three
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bonds from the chromium will be too broad to be recognised in the NMR spectra, 
Figure 16.
R
Figure 16: Unobservable carbon environments by 13C NMR inside the box 
Other nuclei, such as 2H and 19F prove to be easiest to be observed as only 
selected positions are doped with these nuclei there is no over saturation of resonances 
at any given frequency and so each signal is clearly seen. This technique is especially 
useful for observing events taking place close to the active metal centre. Unlike in the 
proton and carbon spectra, where only the periphery of the triazacyclohexane 
substituents that play no part in catalysis are seen, deuterium and fluorine signals can be 
observed within the three bond length limit.
For well-resolved NMR spectra, especially 13C that only has a natural abundance 
of 1%, dissolving a significant amount of the complex 50 mg is essential. Complexes 14 
and 15 are not very soluble, even in the more polar solvents, and so compounds that 
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Figure 17: R3TACCrCl3 complexes with large alkyl substituents
The (2 -EtBu)3TACCrCl3 16 and [(EtO^SiPr^TACCrCb 18 complexes were 
both synthesised from the corresponding triazacyclohexane and CrCl3THF3 in DCM, 
whereas the (2 -EtHex)3TACCrCl3 17 and the previously reported DosTACCrCE 
complexes were both prepared from the corresponding triazacyclohexane and CrCb in 
toluene. All of these complexes are soluble in DCM with the later two complexes being 
the most soluble compounds of this type showing some solubility in warm hexane.
The 13C NMR spectral data of these compounds can be compared with that of 
the corresponding triazacyclohexane data, Table 5, along with the spectrum for 17, 
Figure 18. Assignment of the 13C signals was predominantly due to the relation between 
line width and distance from the paramagnetic centre, but also with comparison to 




a b c d e f g h
ljC CrTAC - -49.56 42.14 29.39 2 1 . 8 6 1 2 . 0 2 46.15 14.45
laC TAC 57.15 37.71 31.84 25.01 23.58 1 1 . 2 0 29.38 14.54
a c
TAC'
a b c d
riC CrTAC - - 39.22 12.98
^C TAC 56.74 39.17 24.45 11.25
TAC
a b c d e
liC CrTAC - - 41.82 62.18 21.60
1JC TAC 56.30 18.77 8.47 58.64 2 1 . 8 8
Table 3: Comparative 13C {!H}NMR data for free ligand and chromium trichloride complex of (2- 
EtHex)3TAC, (2-EtBu)3TAC and [(EtO)3SiPr]3TAC
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Figure 18: 13C {’HJNMR 100 MHz, 298 K spectrum of 17 in CDC13 
As can be seen from the data the hyperfine shifts increase with the reduced 
distance between the nucleus under observation and the chromium centre. This is 
emphasised by the 87 ppm shift of the p-carbon resonance in 17. This signal is usually 
not observable but as this is the most soluble compound of its type a concentrated 
enough sample was prepared to be able to amplify the very broad resonance. The shift 
of this signal is negative due to another mechanism in operation involving spin 
polarisation. The spin polarisation yields alternate positive and negative unpaired spin 
density along the ligand backbone.
Not only does the paramagnetism of the chromium cause a shift on the nuclei of
the complex involved, but also on the diamagnetic solvent. By measuring the shift
between the paramagnetic and the diamagnetic environment, measured simultaneously, 
a determination of the magnetic susceptibility of the solute dependent upon the
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concentration can be found. This experimental procedure is known as Evans method, 95 
and constitutes one of the best ways of measuring magnetic susceptibilities in solution 
around room temperature.
For these measurements a capillary of the diamagnetic solvent is placed into the 
NMR tube along with a solution of known concentration of the paramagnetic solution. 
The NMR spectrum is run and a chemical shift difference is found between the 
solvent in the paramagnetic solution and the diamagnetic solvent. This shift can then be 
related to the susceptibilities of the components in the mixture.
f  * r H
For the diamagnetic susceptibilities of each component in the system values can 
be calculated from Pascals constants. Therefore using these equations a value for the 
paramagnetic susceptibility can be calculated. From this value an effective magnetic 
moment is evaluated and hence the number of unpaired electrons (n).
X rtlO ^cgs] = ^ /M .B = [n(n + 2 ) f
8.066 ■ T ■
± 0.05 n
(2-EtHex)3TACCrCl3 in DCM 3.97 3
(2-EtHex)3TACCrCl3 in benzene 3.69 3
(2-EtHex)3TACCrCl3 in toluene 3.75 3
Do3TACCrCl3 in toluene 3.77 3
Table 4: Effective magnetic moments for the (2-EtHex)3TACCrCl3 17 and Do3TACCrCl3 19
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Using this method effective magnetic moments have been calculated for the 
complexes 17 and Do3TACCrCl3 19 in DCM, benzene, and toluene, Table 4. The 
effective magnetic moment associated with three unpaired electrons is peff = 3.87 pb- 
The values for both these complexes are found to be close to the expected value and so 
seem to be a classical mononuclear complex, as those seen by x-ray erystallographic 
analysis, in solution. The more viscous solutions, benzene and toluene, appear to give 
slightly lower effective magnetic moments than those observed in DCM.
The Do3 (d6 -TAC)CrCl3 complex 20 has been prepared from the corresponding 
ring deuterated triazacyclohexane and C1CI3THF3 in DCM. Unlike complex 19 the 
triazacyclohexane ring deuteriums are observable in the 2H NMR spectrum in DCM. 
The broad singlet observed in the 2H NMR spectrum of the methylene deuteriums in the 
Do3(d6-TAC) compound at 5 = 3.37 with a line width of 14.4 Hz becomes split into two 
broad signals of axial and equatorial environments in the D0 3TACC1CI3 complex. These 
two signals are far shifted from that of the triazacyclohexane, the axial deuterium atoms 
produce a signal at 5 = 41.80 with a linewidth of 384 Hz, whilst the equatorial 
deuterium atoms resonate at 5 = -5.73 with a line width of 612 Hz. These large 
linewidths along with the hyperfine coupling causing a shift as large as 38 ppm show a 
close relation between the triazacyclohexane and the chromium centre. No additional 
signals are observed in the 2H NMR spectrum relating to none coordinated 
triazacyclohexane. Hence the triazacyclohexane ligand does not appear to be labile in 
solution or binding in a k 1 fashion in which case both axial and equatorial deuterium 
atoms would appear equivalent.
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The 2H NMR spectrum of this compound have also been studied in acetone, 
toluene, and a range of mixtures of the two named solvents at constant concentration.
Table 5
Toluene: Acetone Axial 5 Axial XI Hz Equa. 8 Equa. XI Hz
0 : 1 41.2 175.6 -6 . 2 265.9
0.15: 1 40.3 197.3 -5.1 272.1
1 : 1 39.5 345.5 -4.7 470.3
1 2 : 1 -47 -1400 - -
1 : 0 -52 -3500 - -
Table 5 : 2H NMR data for 20 in toluene/acetone solutions 
As the concentration of toluene increases the deuterium signals become more 
broadened, up until the point at which the signals are no longer distinguishable from the 
baseline and so no values can be reported. This broadening of the linewidth occurs in 
the less polar solvents in which the solutions are much more viscous. Hence it is 
proposed that the molecules tend to bunch up into pairs or higher numbered clusters, 
possibly interacting via the hydrogen bonds between chloride substituents and 









Figure 19: Effect of polarity of solvent upon grouping of chromium complexes in solution 
This observation has been reinforced by preliminary molecular weight, by
freezing point calculations by Kohn. 96 In these calculations solutions of 17 in benzene
were measured. For concentrations of 12, 5 and 1 mM values of MW were calculated as
2500, 2200 and 600 respectively. (MW of 17 = 582) These results suggest that above
very low concentrations the R3TACC1CI3 complexes aggregate into clusters of
approximately 4 units. This clustering coincides with an increase in viscosity r\ = 0.67,
0.90, and 3.75 kg m'V1 for concentrations of 0.28, 1.4, and 6.9 mM respectively. At the
low concentration 0.28 mM the viscosity is close to that of the C6H6 solvent r| = 0.67 kg
m’V 1.
In polar solvents the dipoles in the complex molecules can interact with solvent 
molecules and therefore do not have the attraction towards other complexes. This keeps 
the individual complex molecules apart and so a less viscous solution is formed. The 
concurrent line broadening with the formation of the pairs is due to two neighbouring 
paramagnetic centres to the deuterium nucleus under investigation.
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3.2.3: Mixed Triazacyclohexane Chromium Complexes







2 - E t H e x
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23 24
Figure 20: Mixed triazacyclohexane chromium complexes 
The l,3-di-dodecyl-5,-phenyl-1,3,5-triazacyclohexane chromium trichloride, 21
1,3 -di-dodecyl-5 ,-(p<2ra-trifluoromethyl)phenyl-1,3,5-triazacyclohexane chromium
trichloride, 22 and l ,3 -di-(2 -ethylhexyl)-5 ,-/?<2ra-fluorophenyl-1,3,5-triazacyclohexane
chromium trichloride 23 were all synthesised from the corresponding mixtures of
triazacyclohexanes, discussed in chapter 2, with CrCl3THF3 in DCM. The resulting
mixture of complexes was separated using column chromatography through silica gel.
The only two products recovered from each of these reactions were the symmetrical
(alkyl)3TACCrCl3 , and (afkyl)2PhTACCrCl3 . The symmetrical Ph3TACCrCl3 complex
was never recovered as in some cases the corresponding ligand did not form in the
preceding reaction, or the complex did not form due to the poor donor strength of the
triazacyclohexane nitrogen lone pairs. The Ph2(alkyl)TACCrCl3 complex, although is
thought to have formed, decomposes before leaving the column. This lack of stability is
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also due to the lack in donor strength of two of the three nitrogen lone pairs. The ligand 
will have a predominantly k 1 binding mode and in this state will be quite labile. Once in 
solution the ligand will be lost from the chromium during the chromatography.
Crystals were grown of l-(2-ethylbutyl)-3,5-/?ara-fluorophenyl-1,3,5- 
triazacyclohexane from a mixture of triazacyclohexanes. (see chapter 2) This compound 
was reacted with CrCl3THF3 in DCM. The complex 24 precipitated out of the solution, 
showing very little solubility in DCM.
3.2.4: Chromium Triflate Complexes
Triazacyclohexane chromium trichloride complexes can be converted into the 




Figure 21: Preparation of R3TACCr(OTf) 3 complexes
An excess of triflic acid is condensed onto the chromium trichloride complex, 
reaction with the purple solid is almost instantaneous at room temperature to yield a 
blue / green mixture. After condensing the unreacted triflic acid along with the HC1 
produced away, and washing thrice with diethyl ether a blue / green solid of the 
corresponding triazacyclohexane chromium tritriflate is produced. The complexes 
Do3TACCr(OTf)3 25 and (2 -EtHex)3TACCr(OTf)3  26 have both been synthesised by 
this method. These compounds are moisture sensitive, with the solid decomposing into
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a brown oil within one week exposure to the air, and a solution decomposing within two 
days. With more labile triflate ligands these complexes were synthesised to be able to 
under go activation with ZnEt2, to remove the need for aluminium that has found to be 
harmful to the lifetime of the catalyst (See chapter 5). Due to the hydroscopic nature of 
these complexes and the difficulties in purifying these samples (See elemental analysis 
results chapter 6 ) no trimerisation activity was found for these complexes.
The NMR spectra of the triflate complexes are very similar to those observed for 
the trichloride compounds. With the chromium also in the +3 oxidation state with a d3 
electronic configuration the molecules are paramagnetic. In comparison is the data from 
the 13C NMR spectra of 17 and 26, Table 6.
TAC
a b c d e f g h
IJC TACCrCb - -49.56 42.14 29.39 2 1 . 8 6 1 2 . 0 2 46.15 14.45
1JC TACCr(OTf)3 - - - 28.09 22.40 14.45 - 10.03
Table 6: 13C ^HJNMR data of the (2-EtHex)3TACCr(OTf) 3 complex 
Due to the reduced solubility of the tritriflate complexes compared with the 
trichlorides the signals due to carbons a, b, c, and g were not observable. A similar 
picture is observed with complex 25 as when compared to the corresponding trichloride 
compound 19. The 19F NMR spectra of these compounds show only one broad signal
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due to the nine equivalent fluorine nuclei 5 = -77.55, X = 123.5 Hz for the 26 and 8  = - 
77.74, A, = 515.1 Hz for the 25.
In an NMR tube reaction, Figure 22, to a solution of 25 in toluene was added 
one equivalent of D0 3TAC.
Toluene
Figure 22: Formation of (Do3TAC)2Cr(OTf)3 complex 27 
Upon addition of the triazacyclohexane a colour change from the deep blue / 
green solution to a pale blue solution, a greater colour change than just dilution alone, 
was observed. The 13C NMR spectrum consisted mainly of relatively sharp signals due 
to uncoordinated triazacyclohexane. However the 19F NMR revealed a dramatic 
sharpening of the signal at 5 = -77.74 from X = 515.1 Hz to 113.5 Hz with very little 
change in the chemical shift 5 = -78.33. This suggests that the average fluorine nuclei 
are situated further from the chromium than in the tritriflate complex alone but are still 
in a state of equilibrium with the parent complex as the average signal is still the only 




This chapter reports the synthesis of a number of diverse 1,3,5-trialkyl-1,3,5- 
triazacyclohexane chromium complexes. Many previously reported complexes of this 
type and also the initial complexes synthesised herein show only very limited solubility 
with most common solvents and hence the potential as a-olefin trimerisation catalysts 
are seriously diminished. Lengthening as well as incorporation of branching of the alkyl 
substituents on the triazacyclohexane leads to a much greater solubility in the 
corresponding chromium complex. These Cr(III) complexes are highly paramagnetic 
that has a significant effect upon the NMR spectra of these compounds. Line 
broadening has an inverse relation with the distance between the chromium and nucleus 
under investigation. This property has been utilised in the determination of aggregation 
of the chromium complexes in non-polar solvents. The second effect of paramagnatism 
upon NMR spectra is a chemical shift, this has also been exploited in determination of 
effective magnetic of the complexes by the Evans method.
Mixed triazacyclohexane chromium complexes can be prepared from mixtures 
of ligands with different alkyl substituents. Column chromatography can be used to 
separate the mixture of complexes formed. They can also be synthesised in the same 
manner as the symmetrical triazacyclohexane complexes but from the isolated mixed 
ligand R2R’TAC.
RsTACCrCL complexes can under go ligand exchange with triflic acid to give 
the corresponding R3TACCr(OTf)3 complex with a dramatic colour change from purple 
to green/blue. The triflate ligands are much more labile than chloride substituents and
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hence this complex can react with free ligand, unlike the trichloride complex, to give a 
(R3TAC)2Cr(OTf)3  complex, Scheme 3.
HOTf
R
Scheme 3: Transformation of R3TACCrCl3 complex to (R3TAC)2Cr(OTf)3
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4: Cationic Complexes With Weakly Coordinating Anions 
4.1: Introduction
The ‘weakly coordinating anion’ has become an area of great interest in both 
academia and industry over the couple of decades. This is due to their potential in many 
homogeneous catalytic systems including the catalytic synthesis of organic molecules 
and especially olefin polymerisation. The primary role of the weakly coordinating anion 
is to replace a coordinating anion such as a halide and hence create a more reactive 
metal species but still offer stabilisation. The initial weakly coordinating anions devised 
we originally dubbed ‘noncoordinating anions’ these included [CF3SC>3] \  [BF4]', 
[CIO4]', [A1X4] \  and [MF6]‘ (X = Cl, Br, I; M = P, As, Sb). 97 However, with the rise of 
X-ray crystallographic methods all these anions were found in some cases to coordinate, 
Figure 7, and so the term weakly coordinating anion was bom. 98‘102
Since these findings many more anions have been devised to achieve the title of 
‘noncoordinating anion’. To achieve this the anion should not have any lone pairs, 
nucleophilic, or basic sites. It should also not contain any double bonds or easily 
polarisable single bonds that may lead to smaller more coordinating fragments. It should 
be kinetically and thermally stable with a large degree of charge delocalisation over a 
large structure, so that no one atom bears a high concentration of charge, this structure
NO NO NO
PhMe2P
Figure 1: [PF6] \  [BF4]' and [SbF6]' coordinating in tungsten complexes
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also minimises electrostatic attractions. In addition it requires a good solubility in most 
common solvents. To achieve most of these features a number of much less 
coordinating anions have been found and are classed as ‘super weak anions’. The first 
set of this new class of anion is the borate-based anion.
Starting with the [BF4]' motif the fluoride substituents were replaced by phenyl 
groups to give [BPI14]'. This anion found extensive use as a phase-transfer catalyst and 
as the counter ion in Ziegler-Natta olefin polymerisation with the cationic group 4 
metallocene complex [(Cp)2ZrR]+. 103 But this anion is also known to coordinate to 
metal ions through 71-interactions of one of the phenyl rings. 1 0 4 ,105 In only one example 
does this anion coordinate in any other fashion. That is in Cu(BPh4)(CO)(en) in which 
the anion binds in a r|2 fashion,106 Figure 2.
Figure 2: Examples of r| 6 and T| 2  coordination of the [BPh4]' anion 
[BPh4]‘ is involved in many reactions that make this anion unsuitable for a
number of applications. These reactions include metalation, 107 phenyl group transfer,




To try and overcome the coordinating and reactivity problems with [BPh4]‘ the 
phenyl groups were fluorinated to give [B(C6F5)4]" 110 and trifluoromethylated to give
By placing electron withdrawing groups, fluoride and trifluoromethyl, onto the 
aromatic rings the ^-coordination is suppressed and the reduction potential is raised. In 
fact there are no examples of either of these two anions coordinating to a metal centre 
via 7i-interactions. The electron withdrawing substituents also reduce the tendancy for B 
-  Ar cleavage by decreasing the amount of negative charge in the ipso carbon atoms.
Although these anions are much more stable than [BPh4]' and are weaker 
coordinating anions they are still not the ‘noncoordinating anion’. [B(C6F5)4]‘ can 
coordinate to metal ions through lone pairs on fluorine. The X-ray crystal structure of 
Th(Cp*)2(Me)(B(C6F5)4) shows that there are two Th -  F -C  bridges, involving an 
ortho, meta pair of fluorine atoms, 112 Figure 4. The Th -  F{ortho) and Th -  F(meta) 
bond lengths are 2.757(4) and 2.675(5) A respectively and are longer than the sum of 
the Th4+ and F  ionic radii (-2.3 A ) 113 and shorter than the sum of the Van der Waals 
radii(~3.26).114
[B-(3,5-C6H3(CF3)2)4]\ 111 Figure 3.
Figure 3: Stucture of the [B(C6F5)4]'and [B-(3 ,5 -C6H3(CF3)2 )4]'anions
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Figure 4: Coordination of [B(C6F5)4]' anion to a Th metal centre
This compound is more than three orders of magnitude more reactive for olefin 
polymerisation than Th(Cp*)2(Me)(BPh4) for which the anion is found by NMR to be 
bound by 7r-coordination.115
Another related weakly coordinating anion is formed when B(C6Fs)3 is added to 
complexes such as [M(Cp’)2R2], [M(Cp')R3], and MR4 (M = Ti, Zr R = alkyl). 116 In 
one case with the Zr(l,2 -C6H3Me2)(Me)2 complex the resulting anion is [(Me)B(C6F5)3]‘ 
, this system has been structurally characterised and found to have the anion linked to 
the metal centre via Zr -  H3CB interactions,117 Figure 5 .
F
F
Figure 5: Coordination of the [(Me)B(C6F5)3]' anion through a Zr -  Me interaction
The methyl group with a formal 5’ charge migrates onto the Lewis acidic boron 
atom, the Zr -  C (bridging) bond length is 2.549 (3) A compared with the shorter Zr -  C 
(methyl) bond length 2.252 (4) A. The shortest Zr -  H (bridging) length is 2.25 (3) A
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greater than typical terminal and bridging Zr -  H bond distances 1.78 (2), 1.94 (2), and 
2.05 (3) A. 118 This anion has also been found to involve the assistant coordination of 
one ortho- fluorine atom in the complex [(Cp*SiMe3>2Y(Me)(MeB ( { ^ 5)3 ] , 119 Figure 6.
F
Figure 6: Coordination of [(Me)B(0 ^ 5)3]' anion through Y -  Me and Y -  F interactions 
In this complex the agostic interactions of two of the three hydrogen atoms of 
the boron -  methyl group, have Y -  H contacts of 2.18 (5) and 2.43 (4) A. These Y -  H 
interactions are similar in length to those observed for the previous Zirconium complex, 
with yttrium and zirconium having nearly identical covalent radii, but the Y -  C 
distance (bridging) of 2.853 (7) A is much longer and cannot be considered as a 
bonding interaction as in the zirconium case. The Y -  F bond length is 2.366 (3) A a 
relatively strong interaction as compared with another weakly fluorine coordinating
anion complex (Cp*)2Zr(H)HB(C6F5)3 with Zr -  F bond lengths 2.416 (3) and 2.534 (3) 
A 120
Variations on these fluorinated anions have recently been synthesised 
tris(2,2’,2” -perfluorobiphenyl)borane, 121 bis(pentafluorophenyl)(2-perfluorobiphenyl) 
borane, tris(p-perfluoronaphthyl)borane,122 and octafluoro-9,10-bis(pentafluorophenyl)- 




v  r ~ i
c 6 f 5  f F 2
F F
Figure 7: Selection of fluorinated borate anions 
These anions all add different qualities to the reactive system, reducing 
decomposition rates, enhancing solubility, or elevating reaction efficiency.
Aluminium containing anions, of similar form to the borate anions, have also 
been synthesised and found also to be weakly coordinating. A couple of examples are 
[A1(F)(Ci2F9)3]\ 124 and [AKOCsFsM',125 Figure 8.
FAI V t
Figure 8: Selection of fluorinated aluminium anions 
Ethylene polymerisation activities achieved by in-situ activation of (Cp*)2ZrMe2 
are comparable to those seen with the borate anions. The [Al(F)(Ci2F9)3]’ anion is the 
stronger coordinating anion of the two forming an almost linear Zr -  F -  A1 bridge in
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the structure rac-Me2Si(Ind)2Zr(CH3) Al(F)(Ci2F9)3 126 with a Zr -  F bond length of 
2.123 (6 ) A.
Another class of weakly coordinating anions are the carborane anions, instead of 
being based upon a Lewis acidic central atom strongly bound to ligands that are weakly 
coordinating, these anions involve the use of a stable univalent polyhedral moiety. The 
closo- carbaboranate ions [CB11H12]' and [CB9H10]’ are classic examples with all the B 
-  H bonds being very stable and only weakly coordinating, however both these ions are 
prone to oxidation. It was found that halogenation of these parent anions resulted in 
much more robust systems, one of the most stable weakly coordinating anions to date, 
and so anions of the form [CB11H6X6]' (X = Cl, Br), Figure 9, were developed. 1 27 ,128
X = Cl, Br 
X
Figure 9: Structure of c/oro -c ar b ab or an ate anions 
These anions can be almost completely halogenated to give ions of the type
[HCBnX5Y6r (X, Y = Cl, Br, I) 129 and exclusively methylated [CBnMe12] . 130 Of all
the carborane anions the most weakly coordinating is [1-R-CBnFn]" (R = Me, Et). 131
But despite carboranes proven ability as weakly coordinating anions as well as their 
stability, the halogenated ions are not widely used due to the expensive and time 
consuming multistep procedure of their preparation.
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For a metal catalysed olefin polymerisation or oligomerisation using any given 
metal (M) usually starts with a precatalyst of the form LnMXm that is relatively stable, 
but in its present state is unreactive towards olefins. To transform this precatalyst into 
an active species a co-catalyst(s) is required. The preferred geometry of this active 
catalyst [LnMR(m-i)]+ (R = H, alkyl) involves a metal with a vacant coordination site that 
is able to bind a molecule of olefin and an alkyl group, or hydride, into which the olefin 
will be able to insert. (Further mechanistic details will be discussed in chapter 5)
To produce these active species it was found that aluminium alkyls and 
alkylaluminium chlorides were very useful activators in classical heterogeneous Ziegler 
-  Natta catalysis. 1 3 2 ,133 As an example, Vanadium catalysts activated by aluminium 
alkyls were found to promote the syndiospecific polymerisation of propylene at 
temperatures below -60 °C. 134 CpzTiCh in the presence of diethylaluminium chloride 
was found to promote the homogeneous polymerisation of ethylene under mild 
conditions. 135 Subsequent studies and detailed spectroscopic, kinetic and isotope- 
labelling studies have contributed significantly to the understanding of olefin 
polymerisation using homogeneous Ziegler -  Natta systems in terms of cocatalyst 
function. 136’ 1 3 7 ,138 These studies demonstrated that ligand exchange between Cp2TiCl2 
and the R2AICI cocatalyst forms the alkyl titanocene complex Cp2Ti(R)Cl which on 
adduct formation polarises the Ti -  Cl bond Cp2Ti5+(R)-Cr"Al5'R2Cl. This species can 
then undergo insertion of a molecule of olefin into the Ti -  R bond. A suggestion was 
put forth on the possible participation of the cationic species [Cp2TiMe]+ in the 
polymerisation process 139 based upon electrochemical results. This species could be 
generated by the abstraction of Cl', by an aluminium species, and ethylene insertion 
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Figure 10: Generation of a cationic Ti centre from the Cp2TiCl2 system 
Capture of the complex after first insertion of a silylacetylene molecule revealed 
a structure, Figure 11, that argued strongly in favour of the cationic species [Cp2TiR]+ 
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Figure 11: Mimic structure of the first insertion of olefin into Ti -  Me bond 
Extensive kinetic and reactivity studies as well as multinuclear NMR
investigations have demonstrated that dynamic equilibria exist between the contact ion
pairs Cp2Ti(R) "Cl "AlCl3 and the solvent separated ion pairs [Cp2TiR]+[AlCl4f  which
are the most catalytically active sites. 142> 143 The contact ion pairs that are the dominant
species in solution are relatively unreactive sites. In polar solvents and at higher dilution
the equilibrium is pushed in favour of the solvent separated ion pairs and therefore
enhances catalytic activity. However these systems activated by alkylaluminium
chlorides only exhibit polymerisation activities for ethylene and no a-olefins. This
inability to polymerise larger olefins limited the use of this activator.
The tandem activation by trialkyl aluminium and an ion pair with a weakly 
coordinating anion has been used to great effect to generate the active catalytic species
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for polymerisations. The chemistry of trialkyl aluminium is predominantly due to its 
high Lewis acidity. As the aluminium is short of a full shell of electrons it desires an 
extra lone pair of electrons to be donated to it, and therefore has a large affinity towards 
elements such as oxygen and halogens that are able to fulfil this need. Trialkyl 
aluminium is therefore attracted towards chloride ligands and on formation of a 
relatively strong Cl -  A1 bond will undergo ligand substitution and replace the chloride 
with an alkyl group thus breaking a relatively weak A1 -  C bond. Via this process a 
metal chloride precatalyst can be alkylated and then can proceed to an active catalytic 
species by interacting with a precursor weakly coordinating anion. There are a number 
of ways of introducing the weakly coordinating anion to promote the formation of the 
active cationic metal species, Scheme 1.
---------- — ►  [LmMR(n.1}]+ [RB]-
A+B‘
R A,  ►  [LmMR(n_1)]+ B + R A
LmMCln -------------►  LmMR„ +
— 0--------►  [LmMRn]+B- + L0M
HA+B
1----------------- ►  [LmMR(n.1)]+ B + HR + A
Scheme 1: Methods for introducing borate anions 
Reaction of a borane (B), or with a coordinatively unsaturated Lewis acid such
as surface sites on dehydroxylated alumina, 144 with the alkylated complex gives the
desired cationic metal species with a borate anion which has abstracted an alkyl group
from the metal. Reaction of a trityl (Ph3C+) salt of a weakly coordinating anion (A+B')
with the alkylated complex gives the metal cation -  weakly coordinating anion pair and
a non-coordinating organic compound Ph3CR. The Lewis acidic trityl cation is able to
abstract an alkyl group from the metal centre thus cleaving the M -  C bond and forming
an inert species in further reaction. A one electron redox reaction can take place
between the metal complex and a silver salt, 145 or ferrocenium salt 122 of the borate.
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One other method is via protonolysis of the M -  C bond by reacting the alkylated 
complex with a trialkylammonium ([HNR.3]+) or protonated diethyl ether ([H(OEt2)2]+) 
salt of the weakly coordinating anion. This method also produces the metal -  weakly 
coordinating ion pair but with an equivalent of alkane and either a tertiary amine or 
diethyl ether. On successful activation the tertiary amine or the diethyl ether is 
sometimes found to be the most Lewis basic component in the reaction mixture and so 
has been found to coordinate to the metal centre, in what would be the vacant 
coordination site, Figure 12. 146, 147, 148 Dimethylaniline (DMA) is less basic than 
trialkylamines due to resonance stabilisation of the nitrogen lone pair into the phenyl 
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Figure 12: Coordination of amine after activation 
In contrast there are also cases where the amine or diethyl ether are found to
play no role in coordinating to the electrophilic metal centre. In two zirconium
complexes incorporating 8-quinolinato ligands with similar steric environments, it is
shown that increased electrophilicity of the metal induced by the electron withdrawing
ligand governs the strength of amine coordination.149 The effect of the coordination of
amine during polymerisation is contested. A study on the Cp*TiMe3 / AfBu3 /
[ammonium]+[B(C6F5)4]' system shows a sharp increase in activity with decreasing pKa
of the ammonium salt. 150 However, other reports 151,152 suggest that the presence of
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amine have no detectable effect upon the polymerisation activity. This is thought to be 
due to the catalyst being dissociated from the amine at dilute concentrations, and that 
amine coordination is not a limiting factor in the ethylene polymerisation by the 
(C5H4SiMe3)2ZrMe2 /PhNHEt2+B(C6F5)4' system.148
What is now the most common form of activation for metal catalysed 
polymerisations was discovered by the addition of water to the halogen free 
polymerisation inactive Cp2ZrMe2 / AlMe3 system. On this addition a surprisingly high 
activity was found for the polymerisation of ethylene.153 This discovery brought about 
the highly efficient methyl aluminoxane (MAO) activator. 154 MAO is prepared by the 
controlled hydrolysis of AlMe3 and typically having 5 - 2 0  [-Al(Me)-0-] units in the 
polymeric structure, but its exact structure is still unclear. 155’ 156 Proposed structures 
include one dimensional linear polymers, or cyclic rings, which contain three coordinate 
aluminium centres, two-dimensional structures and three-dimensional clusters with four 
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Figure 13: Proposed structures of MAO
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The most recently proposed of these structures is the three-dimensional cage 
structure 157 with the basic formula [Al4C>3(CH3)6]4 with a CH3 : Al ratio of -1.5 which 
is in agreement with the general formula [A1 0 o.8-o.75(CH3)i.4-i.3]n reported from !H NMR 
studies. 158 This structure contains four coordinate aluminium in the main body of the 
cluster with three coordinate aluminium on the periphery. From the 27Al NMR 
spectroscopy of MAO it is found that the majority of the aluminium environments are 
four coordinate but there are some three coordinate aluminium species in the structure.
159
Toluene solutions of MAO can be used to activate such complexes as CP2Z1CI2 
upon which there is a rapid ligand exchange generating predominantly the mono-methyl 
complex Cp2Zr(Me)Cl. 160 Under the usual conditions when using MAO, at least a two 
hundred fold excess of the MAO to catalyst, the reaction can be pushed through to the 
dimethyl complex Cp2ZrMe2 . After initial ligand exchange it is generally assumed that 
some of the aluminium centres have an affinity towards chloride abstraction from 
Cp2Zr(Me)Cl or C H 3  abstraction from Cp2ZrMe2. From 13C and 91Zr NMR spectra 
Cp2ZrCl2 / MAO solutions it was found that ion pairs such as Cp2ZrMe+Cl[-Al(Me)0 - 
]n" or Cp2ZrMe+Me[-Al(Me)0 -]n' are formed. 161
On activation with MAO it is now generally accepted that C ^Z rC h  is only 
mono alkylated, by the MAO directly or by residual AlMe3 in the MAO, followed by 




Complexation: L2Z1CI2 + MAO I^Z rC ^M A O
Alkylation: LjZrClz + MAO = = = = =  L2 Zr(Me)Cl + Al—o —
Cl
Abstraction: L2Zr(CH3)Cl + MAO .  -  L2Zr(Me)Cl »MAO
[L2ZrMe]+ [C1MAO]'
Scheme 2: Activation of Cp2ZrCl2 with MAO 
Comparative NMR studies between the two systems Cp2Ti(CH3)Cl + AlMe3 and 
Cp2Ti(CH3)Cl + MAO reveal that MAO is the superior alkylating agent, the stronger 
Lewis acid, and so the greater ability to undergo the abstraction process, and also forms 
a less coordinating anion compared with AlMe3 . 162 In fact the equilibrium for the 
abstraction process involving AlMe3 , Scheme 3, is way over to the left, the opposite of 
which is seen in the case of MAO.
Cp2ZrMe2  + Me3Al -  Cp2ZrMe+AlMe4*
Scheme 3: Equilibrium for methyl extraction with AlMe3 
From this information it is evident that the free trimethyl aluminium is not the 
active cocatalyst. 13C NMR studies have been conducted upon a 13C enriched 
Cp2Zr(13CH3)2 complex and MAO during ethylene polymerisation. The results of which 
provide evidence for the formation of monomeric Cp2ZrMe+MeMAO\ dinuclear 
(Cp2ZrMe)2(p-Me)+MeMAO\ as well as the heteronuclear Cp2Zr(p- 
Me)2AlMe2+MeMAO' species. 163 The two dinuclear complexes are possible dormant 
states for the active sites in olefin polymerisation.
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4.2: Results and Discussion 
4.2.1: Borates
The [B(C6F5)4]' anion has been synthesised with a variety of different cations by 
modified methods of published procedures, 164,165 Scheme 4. Starting from the lithium 
salt of the anion the dimethylanilinium (PhMe2NH+) salt, diethylanilinium (PhEt2NH+) 
salt, and tetrabutylammonium O2-BU4N) salt have been made. Synthesis can also be 
performed going through the very useful B(C6Fs)3 borane using Grignard reagents 166 
that are cheaper than alkyl lithium reagents and can also be handled, in larger quantities 
more safely. By passing the borane can also lead to the BrMg+B(C6Fs)4' ion pair that has 
also been converted into the dimethylanilinium borate salt.
Mg





►  PhMe2NH+B(C6F5)4' .NCIn-Bi
30
Scheme 4: Reaction scheme of the formation of borate salts 
The 19F NMR spectra of the three ammonium borate salts are very similar to 
each other and in comparison with the spectra of the trityl s a lt167 of the same borate
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apart from a slight upfield shift due to the effect of a different solvent but the shift 
difference between the peaks remains almost constant, Table 1.
0 -F / ppm m-F / ppm p-F / ppm
P h N H M e 2B  (C6F5) 4 -133.2 (bs) -167.5 (dd, J 15.7 Hz) -163. 5 (t, J 20.5 Hz)
P h N H E t2B ( C 6F 5)4 -133.3 (bs) -167.4 (dd, J 16.0 Hz) -163.4 (t, J21.0 Hz)
B U 4N B  (C 6 F s)4 -132.4 (bs) -166.2 (bm) -162.3 (t, J 19.6 Hz)
P h 3C B ( C 6F 5)4 *“ -125.7 (bs) -160.0 (dd, Jca. 18 Hz) -156.1 (t, J 20.6 Hz)
Table 1: 19F NMR data for 28,29, 30 and the trityl salt of the same borate anion 
Other than the chemical shifts the spectra have the same form in all of the 
compounds. The ortho-fluorine signal portrayed as a broad singlet X = 58 Hz in both 
cases showing no distinctive coupling pattern. The meta-fluorine signal is a doublet of 
doublets with both F -  F couplings of equal strength with the neighbouring substituents 
and hence takes the appearance of a triplet pattern. The /mra-fluorine signal has the 
distinctive triplet pattern due to F -  F coupling to two neighbouring fluorine substituents 
in identical environments.
4.2.2: DMAB Chromium Complexes
R3TACCrCl3 complexes have been activated in a two stage process first the 
addition of the weakly coordinating anion with anilinium counter ion followed by 
trialkyl aluminium. Following this procedure a single site catalyst with a well-defined 
anion is produced. The corresponding activation with MAO, with an indefinite structure 
and active site, causes greater problems in the interpretation of the catalytic cycle.
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Treatment of one equivalent of the dimethylanilinium borate (DMAB) 28 to a 
R.3TACCrCl3 complex in benzene, toluene, or DCM solution at room temperature yields 
an adduct by which dimethylanilinium (DMAH) is associated with the chloride 
substituents of the chromium complex via hydrogen bonds, 169 Scheme 5.
R
+ PhNHMe2B(C6F5)4 B(C6F5)4
Scheme 5: Formation of I^TACCrCbDMAB complexes 
Formation of the DMAH adduct dramatically enhances the solubility of the
parent R 3 T A C C 1 C I3  complex, to the extent that previously insoluble complexes, i.e
Me3TACCrCl3 in DCM, is soluble as the anilinium adduct.
Reaction of the (2 -PhEt)3TACCrCl3 complex with 28 in toluene solution yields 
(2 -PhEt)3TACCrCl3(PhNHMe2)[B(C6F5)4]. 31 After partial removal of solvent to give a 
saturated solution and layering with hexane purple crystals of the named product were 




Figure 14: Structure of the cation in the (2-PhEt)3TACCrCl3DMAB complex 
The dimethyl anilinium ion does not sit central to the three chloride substituents 
as this would involve the positively charged moiety at a relatively close distance to the 
electropositive chromium centre. Instead a bifurcated H bridge is formed between two 
of the chlorides with H -  Cl crystallographic distances of 2.65 and 2.60 A. This strong 
hydrogen bonding has a slight weakening effect upon two of the Cr -  Cl bonds, hence a 
lengthening of theses bonds with respect to the third Cr -  Cl bond whose bond length is 
slightly shorter than those seen in the (2 -PhEt)3TACCrCl3 complex, Table 2.
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C l - C r / A C r - N / A Cl — Cr-Cl /° N -  Cr -  N / 0
(2-PhEt)3TACCrCl3 










66.03 (8 ) 
65.77 (7) 
65.73 (7)
(2-PhEt)3TACCrCl3 2.277 (6 ) 2.103(17) 99.0 (3) 66.2 (5)
Table 2: Selected bond lengths and angles o f 31 
The attraction of the anilinium proton towards the two chloride substituents pulls 
them closer together and hence decreases the Cl -  Cr -  Cl bond 
respect to the parent chromium complex. The greatest influence 
between the chromium complex and the anilinium is to disrupt the 
network between chloride substituents and triazacyclohexanes 
molecules. (See chapter 3) For this complex there is no extensive 
throughout the structure, but just between two molecules to form an 
structure, Figure 15.
Figure 15: Intermolecular Cl H hydrogen bonding within 31 ( CITPh groups removed for clarity)
angle by 3 0 with 







Figure 15 cont.: Intermolecular Cl H hydrogen bonging within 31 
The first diagram with (PhCFh) moieties removed from the triazacyclohexane 
arms, gives a clear image of the two relatively strong Cl -  H hydrogen bonds (2.52 A) 
are formed between a chloride substituent on one molecule with an equatorial 
methylene proton on the other molecule and vice versa. The chloride responsible for this 
interaction is also involved in hydrogen bonding to the anilinium and not the third 
chloride substituent that does not contribute to intra-molecular interactions. There are no 
more additional H Cl contacts in the crystal structure with a shorter length than 3 A. 
This disruption of the extensive hydrogen bonding network in the parent complex is a 
major contributing factor to the increased solubility, on addition of the borate salt, as 
interactions with solvent molecules will become more prolific. The second diagram 
gives a more complete picture of all interactions between the pair of molecules that 
includes n stacking between phenyl rings on neighbouring molecules.
Formation of this anilinium adduct does not lead to any significant change in the 
structure of the triazacyclohexane ligand or its bonding to the chromium with all bond 
lengths and angles being comparable to that seen in the (2 -PhEt)3TACCrCl3 complex.
110
Chapter Four
The same procedure for the preparation of the previous anilinium adduct was 
followed starting from the (2 -EtBu)3 TACCrCl3 complex. Purple crystals of (2- 





Figure 16: Structure of the cation in the (2-EtBu)3TACCrCl3DMAB complex 
Once again the bifurcated hydrogen bonds to two of the three chloride 
substituents are formed. (2.74 and 2.59 A) As before there is an extension of the Cr -  Cl 
bonds of the respective chlorine substituents, Table 3.
C l - C r / A C r - N / A Cl -  Cr -Cl  / 0 N -  Cr -  N / 0
(2-EtBu)3 TACCrCl3
[PhNHMe2 ]B(C6 F5 ) 4
2.293 (7) a 
2.283 (7) b 










, Cr -  Cl(l), b Cr -  Cl(2), c Cr -  Cl(3)
Table 3: Selected bond lengths and angles for 32
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The attraction of the anilinium to the two chloride substituents making the Cl -  
Cr -  Cl bond angle smaller also occurs in this complex but is much less pronounced 
with a difference of only 1 0 compared with the other two bond angles. Once again the 
extensive hydrogen bonding network of the parent complexes is disrupted, but unlike 
with the previous anilinium adduct the relatively strong hydrogen bonds to form the 
dinuclear structure are also not formed due to the larger steric bulk of the nitrogen 
substituents, close to the triazacyclohexane, preventing the close interaction. Instead 
much weaker hydrogen bonds (2.91 A) are formed to give a zig-zag chain of molecules, 
Figure 17. The structure is shown with (Et2CH) groups removed from the arms of the 
triazacyclohexanes for clarity, but must be noted do not participate in intra-molecular 
interactions.
Figure 17: Intermolecular Cl H hydrogen bonds within 32 (CHEt2 groups removed for clarity) 
NMR experiments on these anilinium adduct complexes have the same problems 
as with the precursors, (See chapter 3) hence the ]H and ,3C spectra are very similar, 
Table 4. The nuclei close to the chromium, that may show differences compared with 





X I Hz a b c d e f g h
R3TACCrCl3
DMAB
- - 37.89 29.86 24.03 14.68 44.54 12.49
R3TACCrCl3 - -49.56 42.14 29.39 21.86 12.02 46.15 14.45
Table 4: Comparative 13C {!H}NMR data for (2-EtHex)3TACCrCl3DMAB 33 and 17 
Deuterium nuclei closer to the chromium centre can be analysed by 2H NMR in
the Do3(d6-TAC)CrCl3DMAB complex, 34 that was prepared in toluene solution in an
NMR tube, the two methylene signals can be compared in 20, Table 5.
20/D CM 20 / Toluene 34/D C M 34 / Toluene
Ax. Equ. Ax. Equ. Ax. Equ. Ax. Equ.
5 /ppm 41.8 -5.7 -52 - 59.3 -5.6 58.3 -5.9
XI Hz 384 612 -3500 - 443 656 703 1152
Table 5: Comparative 2H NMR data of 20 and 34 
There is a significant downfield shift of the axial methylene deuterium signals
on formation. These axial deuterium atoms are much more variable in these
triazacyclohexane complexes as the C -  D bond is trans- to the N -  Cr bond and thus
trans to Cr-Cl "DMA, hence any variation in the strength of the latter has an effect upon
the former, and changes the environment of the deuterium nucleus respectively. In
contrast with complex 20, in which only the axial signal can be identified due to
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association in solution, the signals for both the methylene deuterium signals can be 
observed for 34 in toluene. The toluene solution of 34 is still much more viscous than in 
DCM due to ion pairing and forming quadrupoles that would tend to be more sparse in 
polar solvent with a high dielectric constant which leads to more electrostatic 
interactions with the complex ions.
The behaviour of the anion can be monitored via 19F NMR spectroscopy, in 
studying them in solution more information can be discovered about the metal species 
from the anion -  cation interactions. On addition of the anilinium salt to the chromium 
pre-catalyst, analysis by 19F NMR reveals the same pattern of three signals for the 
ortho-, meta-, and para- fluorine substituents. An average of all the fluorine 
environments in these designated positions are amalgamated to give the signals 
observed. These signals are broadened, compared with the spectra of a DMAB solution, 
due to paramagnetism of the solution generated by the chromium centres. Comparison 
of the three individual line widths can be made to give a guide on the average distance 
to a chromium centre for fluorine substituents in a given position in relation to the 
fluorine atoms in another position.
There are a number of variables that can affect these line widths and so 
comparison of line widths between spectra from different samples is speculative and 
should only be used as a rough guide. The line widths are dependent largely upon the 
viscosity of the solution, which means that they are concentration, temperature, and 
solvent dependent. They are also indirectly influenced by the size and shape of any 
ligands present on the metal centre as they determine the closest approach of the anion 
to the metal. These factors can be seen in the equation for the relaxation rate constant R
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that is proportional to the line width, and the equation for the rotational correlation time 
xr which can be a significant factor in the value of the correlation time xc.
T5 _  i /N Y *  T'?g?l‘jjS(S + 1)T T _  4ltr|a3_  riMW 
2 3 M i ')  r6 c r 3kT dNAkT
xr is found to be dependent upon temperature T, proportional to both the 
viscosity rj and molecular weight of the substrate MW.
NMR tube reactions of a variety of R 3 T A C C 1 C I3  complexes with DMAB have 




o-A /H z 
(5/ppm)
m- X / Hz 
(5 /ppm)
p- X / Hz 
(5 / ppm)
Other F A / Hz 
(5 /ppm)
R = Do 34 
(Benzene)
220 (-131.07) 205 (-164.90) 146 (-161.74)
Do
(DCM)
44 (-132.86) 52 (-166.92) 44 (-162.98)
2-EtHex 33 
(Benzene)
233 (-131.65) 255 (-164.83) 186 (-161.60)
FBz 35 
(Chloroform)
49 (-130.14) 56 (-163.76) 49 (-160.01) 50 (-107.70)
2-EtBu 32 
(Benzene)
218.4 (-132.91) 229 (-165.93) 174 (-162.47)
‘Bu 36
(Benzene)
86 (-132.08) 74 (-165.86) 48 (-162.47)
Me 37
(Toluene)
74 (-131.83) 67 (-168.60) 49 (-164.68)
PhEt 31 
(Chloroform)
149 (-130.48) 150 (-163.29) 111 (-159.95)
2-EtHex2FPh 
38 (Benzene)
229 (-131.37) 255 (-164.28) 175 (-161.03) 343 (-114.34)
Table 6: 19F NMR data for R3TACQCI3DMAB complexes 
As the peaks observed for the fluorine signals should be Lorentzian in shape: the 
line width A of the peak can be measured by line fitting in the NMR computer software 
or by measuring at half peak height. As the peaks obtained are not all ideal Lorentz 
curves values measured at 1/5 height and 1/10 height give values of 2X and 3A,
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respectively. Averaging of all these three values are the line widths given in Table 6. 
For all solutions the concentration is approximately 0.026 mol/1 except for 
Me3TACCrCl3DMAB, 37 that was not soluble enough at this concentration, and so a 
less concentrated saturated solution was used in this case.
For a freely rotating anion in which all the fluorine atoms occupy all positions at 
a fixed distance r from the boron atom then the average value for <R'3>2 (R is the 
distance F'"Cr) can be calculated to l/[D2(D2-r2)2] (with D the distance Cr...B). This 
average assumes that internal motions within the anion and cation are faster than the 
molecular tumbling of the ion pair. Cases in which the molecular tumbling is known to 
be faster an average of <R'6> is used.170 Using the distances r (F.. .B) obtained from the 
crystal structures, that should be similar in solution, ortho 299 pm, meta 505 pm, para 
584 pm. This means that para should be broader than meta and than ortho, and the 
difference in line width depends on D. For a value of D=1()A the ratio of line widths 
would be 1:1.5:1.9 for o,m,p. From the data the general trend for these anilinium adduct 
complexes is for a slightly less broadened para signal compared with similar ortho and 
meta signals. In solution the anion is not freely rotating but approaching the cation 
predominantly with a pair of ortho and para fluorine atoms. Solvent dependence is 
clearly evident from the two spectra of 34 in which the solvent system is changed from 
benzene to DCM. Addition of the more polar solvent produces a much less viscous 
solution the line widths observed in this case, and also 35 in chloroform, are reminiscent 
of those observed for the much less soluble complexes in less polar solvents i.e. 36 and 
37. This similarity in line widths is due to separation into freely moving cations and 
anions in these different solutions whereas in the more viscous solutions dipoles and 
possibly quadrupoles of ions are formed. (Discussed later in this chapter)
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Inclusion of fluorine substituents onto the triazacyclohexane of the chromium 
complexes adds an internal reference by which the anion can be compared. Although 
the line width correlates to a distance between two nuclei that are not covalently bound 
it is attempted in this case as a rough guide with this in mind. To estimate whether this 
will be a significant factor the chemical shift of the fluorine under study can be 
compared with that of a similar fluorine atom in a diamagnetic complex. The fluorine 
signal of 35 is shifted by 6 ppm from that of a reported zinc complex (FBz3TAC)2Zn2+ 
171 with a shift o f -113.5 ppm. This is not a large paramagnetic shift but still may distort 
the result. Assuming that the FBz groups adopt their most commonly observed 
orientations syn and anti, Figure 18, distances between metal and fluorine can be 
assumed to be similar to those in a previously published copper complex 
(FBz3TAC)2 Cu2+ 17 2 with a Cu-N bond length of 2.10 A similar to chromium. In this 
complex Cu F(syn) is 7.05 and Cu F(anti) is 8.44 A. The syn:anti ratio in this and 
other similar complexes is on average 1 : 1 .
Taking this ratio and these bond lengths along with the line widths observed for 
35 would give Cr F values of 5.0, 4.9 and 6.4 ± 0 . 2  A for ortho, meta and para fluorine 
atoms respectively considering that one set of o,m,p fluorine atoms dominate the R ' 3 
sum. These values are in reasonable agreement with the solid state structure with the
F
BzF
Figure 18: Cr F Distances in syn and anti configurations of 35
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closest Cr"'F in the crystal structures of 31 and 32 of 5.5 A. This value may be a bit 
longer due to the presence of many anions around a cation in the solid.
The (2 -EtHex)2(FPh)TACCrCl3DMAB 38 complex provides a more reliable 
solution to this problem. The phenyl substituent on a triazacyclohexane only has a 
rotational motion around the N -  C bond, Figure 19. The fluorine substituent on the 
phenyl group lies on this axis of rotation; hence there is no variation in distance between 
fluorine and chromium caused by this motion.
Figure 19: Cr.. .F Distance in 38 
As the Cr -  F distance is fixed, 7.4 A from average bond lengths and angles, 
comparison can be made with the anion fluorines. For relaxation due to dipolar coupling
fluorine atoms in the anion, one set of o,m,p fluorine atoms are usually closest to Cr and 
dominate the sum of <R'3>2, would lead to Rciosest of 5.0, 4.9 and 6 . 6  ± 0 . 2  A for ortho, 
meta and para respectively. These values are in good agreement with those for the FBz 
calculation.
As mentioned earlier the line broadening caused by the chromium centres has 













Figure 20: Dilution effect upon a toluene solution of 33
All three fluorine positions follow the same trend on dilution of the solution, 
showing that the effect upon the anion is a general outcome and not a change in local 
orientation effecting the three fluorine positions differently. Starting from the most 
concentrated solution studied 0.138 M the line widths follow a steady linear decrease 
upon dilution. This constant change in line width is consistent with a reduction in 
viscosity of the solution. Extrapolation of the linear region to conc.=0 should give the 
line width at pure solvent viscosity if this is the only reason for the concentration 
dependence. This leads to an estimate for the mol volume of the dipolar complex. As 
the solution is diluted below a 0.01 M solution there is a dramatic increase in the rate of 
change of line width. This change is attributed to dissociation from dipoles in solution 
to separated ions as at extremely low concentration the distance between anion and 





Figure 21: Dissociation of dipoles into separate ions upon dilution 
For a dipolar solution the line widths of the fluorine signals will be larger than a 
corresponding separated ions solution as the anion is in close proximity to the 
paramagnetic centre of the cation. For solutions below 0.01 M once separated ions are 
the only species in solution there is another linear decrease in line width once again 
corresponding to a decrease in viscosity.
For more polar solvents this separated ions state is present at much higher 
concentrations, as solvation of the ions occurs, hence there is a reduced interaction 







4.2.3: Activation of Triazacyclohexane Chromium complexes
Addition of an excess of trialkyl aluminium solution to a purple solution of the 
anilinium adduct complex, under inert atmosphere, results in the formation of a green 
solution of alkylated chromium complex within seconds on stirring, Scheme 6.
Complexation: R'3TACCrCl3DMAB + R3A1   R 3TACCrCl3* A1R2B + RH
+ DMA
Alkylation: R'3TACCrCl3 .AlR2B R’3TACCr(R)Cl2B + A1(C1)R2
R 3TACCr(R)Cl2B + A1(C1)R2 R’3TACCr(Cl)R2B + A1(C1)R2




Scheme 6: Activation of R3TACCrCl3DMAB with A1R3 
These alkylation reactions using various alkylaluminium compounds have 
mainly been carried out in NMR tubes and hence been studied by !H, 2D, 13C and 19F 
NMR spectroscopy. As with the chromium trichloride precursor complexes these 
alkylated chromium compounds are also highly paramagnetic and therefore the signals 
in lH NMR of these complexes are measured with short acquisition times are very 
broad and show no distinctive difference than prior to alkylation. *H NMR spectra of 
these solutions run at standard parameters reveals no signals due to chromium 
complexes, due to fast relaxation, but a notable observation is the presence of sharp 
signals due to dimethylaniline. This observation can be seen in all cases and shows that 
the dimethylanilinium salt is no longer the counter ion of the borate anion and also that
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the dimethylaniline is not involved in coordination with a chromium centre due to the 
sharp nature of the signals it produces.
13C NMR spectra prove to be similar, as the !H NMR spectra the broad signals 
due to the alkylated complex show no distinctive differences to those previously 
observed for the corresponding chloride compound. As with the *H NMR spectra 
signals corresponding to the alkyl substituents (R = Me, Et, *Bu) on the chromium 
centre are not observable as the chain length is not sufficiently long enough to be at a 
distance at which the paramagnetic effect is not sufficiently strong to cause a line 
broadening too large to be observable. As with the NMR spectra the sharp 
dimethylaniline signals can be seen in the 13C NMR spectrum.
19F NMR spectra show quite distinct changes to those seen for the anilinium 
adduct complexes, Table 7, all the signals are significantly more broadened showing 
that on average the anion is closer to the chromium centre.
o -k /H z  
(5 / ppm)
m- X / Hz 
(5 / ppm)
p -k /H z  
(5 /ppm)
D0 3TACCIC13DMAB 317.4 (-131.37) 337.1 (-164.65) 237.9 (-161.77)
Do3TACCrCl3DMAB 
/ AfBu3
534.7 (-129.68) - 913.0 (-158.14)
1 Day 278.6 (-130.98) - 558.8 (-159.96)
2 Days 201.8 (-131.29) (-148) 407.6 (-160.64)
7 Days 78.4 (-132.05) 1594.0 (-163) 1 0 0 . 0  (-162.00)
17 Days 64.2 (-132.11) 923.3 (-164.49) 97.9 (-162.37)
Table 7: 19F NMR data of 34 before and after activation with Al'Bu3
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In the majority of cases the meta- signal shows the greatest effect and is quite 
often unobservable in the spectrum due to the extreme line broadening from the large 
paramagnetic effect over the short Cr -  F distance. Hence, this would suggest a m-F -  
Cr close contact interaction. An estimated value for the line broadening of this signal 
can be extrapolated from the line widths of the 34 / Al'Bu3 system during 
decomposition, Figure 22. Along with the line broadening there is a dramatic 
paramagnetic shift of the meta- fluorine signal. In the first spectrum where the broad 
peak is observable but still not measurable to a good degree of certainty it is found at 5 
— 148 ppm, hence, downfield of the para- fluorine signal. On decomposition the signal 
moves upfield until ending at a similar chemical shift to the m-F signal in 34, a shift of 
approximately 17 ppm. The ortho- and para- fluorine signals show a much smaller 




















0 25 50 75 100
% Decomposition 
Figure 22: Line widths of fluorine signals of 34 after activation with Al'Bu3
From an extension of the graph, (for more detail see chapter 5) the meta- 
fluorine has a line width of -9000 Hz before decomposition. This value is a ten-fold
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excess over either of the ortho- or para- signals and hence a meta- fluorine is the most 
strongly interacting part of the anion with the metal centre, Figure 23.
R*
This proposed structure has a close interaction between the [B(C6Fs)4]' anion 
and the metal centre as seen previously in the Th(Cp,")2(Me)(B(C6F5)4) complex 
(mentioned earlier this chapter) with the m-F -  M interaction being the strongest, but in 
this case a reduced contribution from the ortho- fluorine.
DFT calculations have been made by Molnar 173 on the MesTACCrOiW- 
C//2(CH2)2C//2)B(C6F5)4 system. Calculations were made on three structures with either 
ortho, meta or para fluorine forming the close contact. Only considering this interaction 
between anion and cation the relative energies of the structures were 0, +9, +3 kJ/mol 
respectively. This would suggest an o-F" Cr interaction would be favoured. However, a 
more realistic situation would be to involve F "H interactions as well. In this new model 
it was found that the relative energies of the three structures are +8, -10, +5 kJ/mol for 
o,m,p respectively. This model suggests that the structure with the m-F" Cr (2.16 A) 
interaction and a hydrogen bond between a fluorine atom on the anion and an axial 
proton on the triazacyclohexane ring (H " F 2.42 A) would be the most stable. Using the 
distances for the closest o,m,p fluorines ratios of <R'3>2 can be calculated at 1.3 : 10 : 1
F
Figure 23: Proposed R’3TACCrR2B(C6F5 )4  activated complex
' \ - - B ( C 6F6)3
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these are in close agreement with the observed values for Do3TACCr/Bu2B(C6Fs)4  with 
1 : 10 : 2. The same generic 19F NMR spectrum is seen for a range of 
R’aTACCrClsDMAB complexes activated by solutions of A IR 3  (R = Me, Et, 'Bu), 
Table 7.
R’ R Solvent o -k /H z  
(5 /ppm)
m- X / Hz 
(5 /ppm)
p-X /H z 
(5 /ppm)
'Bu 'Bu Benzene 131 (-131.71) 251 (-163.88) 126 (-161.52)
2-EtHex Me Toluene 217 (-131.71) 244 (-165.27) 140 (-162.09)
2-EtHex Et Toluene 153 (-133.72) -1000 (-163) 162 (-163.69)
2-EtHex 'Bu Toluene 192 (-131.58) - 272 (-160.06)
2-EtHex 'Bu Benzene 289 (-131.76) - 759 (-158.95)
2-HexOct 'Bu Benzene 318 (-131.78) - 606 (-159.84)
Do 'Bu Toluene 600 (-126.81) - 594 (-156.89)
Do 'Bu Benzene 535 (-129.69) - 913 (-158.14)
Do 'Bu DCM 80 (-132. 32) I l l  (-166.4) 48 (-162.88)
Table 7 : 19F NMR data for a series of R3TACCrCl3DMAB complexes activated with A1R3 
The cases that do not show a disappearance of the meta- fluorine signal involve
alternative factors at work. In polar solvents such as DCM, that has previously been
shown to cause sharper signals for the RsTACCrC^DMAB complexes, the solvent
molecules can solvate the metal cation, and borate anion fragments separately. Being
charged species they have a large affinity for polar molecules and therefore receive
more stabilisation from the solvent and less between anion -  cation interaction causing a
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Figure 24: Reduced anion-cation interaction by solvation in polar solvents 
For activation using different alkyl aluminium species (A1R3 R = Me, Et, 'Bu)
essentially the same mono-nuclear complex is formed. However, all three alkyl
aluminium species donate relatively small alkyl groups with low steric restraints and so
are able to form three centre two electron bonds i.e. form bridged species. These















Figure 25: Equilibrium between active monomer and bridged alkyl complex 
These two forms have different 19F NMR spectra due to the borate anion either 
being involved in a close contact with the metal fragment or just associated with the 
chromium complex in solution, but in equilibrium an average signal for all the borate 
anions is seen. For activation with the ArBu3 the equilibrium will lie mainly to the left, 
as the 'Bu groups have the largest steric bulk of the three alkyl substituents, and so will
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prefer the mono-nuclear complex with less crowding, hence a 19F NMR spectrum with 
unobservable m-F signal. On the other hand the much smaller methyl substituents 
present from the activation with AlMe3 have a much stronger preference for the bridged 
structure with no Cr -  F close contact and hence relatively sharp m-F signal. This 
preference for methyl bridging has been observed in a number of similar Cr(III) 
complexes. 174 In between the two extremes is the activation with AlEt3 that has a much 
greater mix of the two possible states and hence an averaged 19F NMR spectrum 
incorporating a visible yet very broad m-F signal, Figure 26.
o-F (2-EtHex)3TACCrCl3DMAB p -F
o-F (2-EtHex)3TACCrCl3DMAB + AlMe, p-F m-F
(2-EtHex)3TACCrCl3DMAB + AlEij p-F
m-F
(2-EtHex)3TACCrCl3DMAB + Al'Bu, p-F
-1 3 0 -1 3 5 -1 4 0 -145 -1 5 0 -1 5 5 -1 6 0 -1 6 5  ppm
Figure 26: 19F NMR 376 MHz, 298 K spectra of 33 in toluene activated by a series of A1R3 activators 
Although there is a close interaction between the anion and the metal fragment
in the dialkyl mono-nuclear complex the borate anion is found not to be static in
solution. Addition of NBu4 B(C6 Fs)4 , an excess of the borate anion with an inert counter





N B U 4B  (C6F5)4
o -X !H z 
(5 / ppm)
m- XI  Hz 
(5 /ppm)
p - X /Hz 
(5 /ppm)
0 521 (-128.45) - 900 (-157.15)
0.5 515 (-128.25) - 859 (-156.54)
1 447 (-128.63) - 794 (-157.21)
Table 8 : 19F NMR data on addition of an excess of borate anions to 39
The additional borate anion is found to mix with the original anions in solution 
and therefore average signals for the three fluorine positions are observed for all anions. 
There are no additional peaks in the spectrum suggesting that there are no anions in a 
fixed environment and not interchanging with the other anions. On addition of the 
excess of borate anions the line width of the ortho- and para- signals is reduced due to a 
larger proportion of the signal coming from fluorine substituents on anions that are not 
in close contact with a metal centre. Focusing upon the system in which there is a ratio 
of 1:1 of 39 and NBu4B(C6Fs)4  one would expect that the line width would be roughly 
halved due to half the borate anions are in a paramagnetic environment and the rest in a 
pseudo diamagnetic environment. In reality this is found not to be the case, although 
there is a decrease in the line width, there is an increase in the viscosity of the solution 
that counteracts this effect thus causing a lower than expected change in line 
broadening.
As with the anilinium adduct complex an attempt at calculating the distance of 
the m-F of the borate anion from the chromium of the activated metal complex, by using 
the relation between the line broadening in 19F NMR spectroscopy and the distance 
between the paramagnetic centre and nucleus under study, can be undertaken. A toluene
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solution of (2 -EtHex)2 (p-FPh)TACCrCl3DMAB 38 activated with Al'Bu3 studied by 19F 
NMR spectroscopy gives a spectrum with three signals one for the FPh group and one 
for each for the ortho- and para- substituents on the anion with chemical shifts / ppm 
and (line widths / Hz) of -97.58 (605), -131.75 (295), and -158.32 (850) respectively. 
The paramagnetic shift for FPh is larger than in the pre-activated complex probably due 
to the tighter binding by a cationic chromium. This will cause an increased contact 
contribution to the line width. As previously calculated the distance between the 
fluorine on the phenyl arm of the triazacyclohexane from the chromium is 6.77 A 
(calculated from bond lengths and angles of similar structures). Using this value along 
with the three line width values for the average distances between o-F -  Cr and p-F -  Cr 
of 7.63 and 6.40 A are calculated. Averaging over all fluorine atoms in the borane and 
considering that one half of one phenyl group is much closer to Cr than the other F 
atoms. Estimation of the closest contacts would lead to Cr"'F(o) 3.8 and Cr'"F(p) 4.0 A, 
i.e. nearly equal at 3.9 A. Using this value as the estimated distances of the closest 
ortho- and para- fluorine substituents to the chromium a distance of 3.1 A can be 
calculated for the m-C -  Cr distance, Figure 27.
3.9
A =  1.37+ 2( 1.37 Sin 30) 
= 2.72 A 
B = 2.72 Cos 30 
= 2.36 A
Figure 27: Diagrams of the geometry of borate anion in relation to chromium
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As the m-fluorine will bind to the chromium through one of its lone pairs an 
angle for p can be estimated at 109 °. This leaves the Fmeta...Cr distance dependent on 
the angle a. At an angle of a=45° gives Cr F of 2.35 A and P = l l l °  with the set of 
closest fluorine atoms of 3.8, 2.35 and 4.0 ± 0.2 A for o,m,p respectively. These values
173are in excellent agreement with DFT calculations by Molnar on the 
Me3TACCrR2B(C6F5)4 system that gave 4.3, 2.2 and 3.9 A for o,m,p respectively and 
Cr" F-C of 141 °. These results strongly suggest a close contact m-F "Cr interaction 
being within the range 2.5 -  3 A. This value for the m-F -  Cr distance converts back to a 
line width of 5500 Hz that fits with the data, as a signal that is significantly broad as not 
to be distinguished from the baseline. The calculated values are significantly shorter 
than the Cr -  F distances seen for the 38, showing that the anion is much closer to the 
chromium centre than before activation.
To try to understand more about the active metal centre after the activation a few 
techniques can be employed. One of these is an indirect method, the 2H NMR sprectrum 
of 34 activated with Al'Bu3. In toluene solution as with complex 20 (see chapter 3) the 
deuterium signals are not visible due to the high viscosity of the solution and 
aggregation into dipoles. The same is noticed in the activation of 20 with MAO in 
toluene solution. This activation also forms a green solution of the same type of methyl 
bridged chromium dimer, as with the activation with DMAB and AlMe3 , but in this case 
with an anion of MAO. However in DCM, where the solution is much less viscous, 
signals for both axial methylene deuterium atoms 8 = 35.5 ppm and equatorial 
deuterium atoms 8 = 3.8 ppm can be identified with line widths of 315 and 590 Hz 
respectively. Line widths are similar to those seen for both the trichloride complex and 
the anilinium adduct but there is a shift up field of the axial deuterium atoms. The
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change from electron withdrawing chloride substituents to electron donating alkyl 
groups causes a change in the electrostatics of the chromium metal centre that is trans to 
the axial deuterium atoms.
4.2.4: Effective Magnetic Moments
Another method for of probing the metal centre is by magnetic moment 
measurements (See Evan’s method in chapter 3) that give information about the spin 





Do3TACCrCl3DMAB / Al'Bu3 
Benzene
3.99 3
Do3TACCrCl3DMAB / Al‘Bu3 
Toluene
3.71 3
Do3TACCrCl3 / MAO 
Toluene







(2-EtHex)3TACCrCl3 / MAO 
Toluene
2.95 2 or 3
(2-EtHex)3TACCrCl3DMAB / AlMe3 
Toluene
3.62 3
(2-EtHex)3TACCrCl3DMAB / AlEt3 
Toluene
3.81 3
(2-EtHex)3TACCrCl3DMAB / A1'Bu3 
Toluene
3.89 3
Table 9: Effective magnetic moment measurements for a series of activated R3TACCrCl3 complexes 
On formation of the anilinium adduct complex there is no significant change in 
the effective magnetic moment from that of the corresponding precursor parent complex 
with p e f f  values just below that of the ideal value for 3 unpaired electrons of 3.87 j j ,b .
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On activation of these compounds with a trialkyl aluminium source, to give alkyl 
chromium complexes, the effective magnetic moments remain around the values for 3 
unpaired electrons giving evidence for chromium remaining in a 3+ oxidation state. 
Activation with AlMe3 results in the lowest value of these activations and could be due 
to antiferromagnetic coupling in the methyl bridged dimer 174 species that cannot exist 
in the mono-nuclear complex, the predominant species in Al*Bu3 activation. Activation 
of the parent trichloride complex with MAO reveals significantly lower effective 
magnetic moments. Although these values are closer to an effective magnetic moment 
value of 2.828 ps expected for 2 unpaired electrons, they are on the high side and are 
still thought to belong to chromium in a 3+ oxidation state. This activation is thought to 
also form a methyl bridged dimer structure that can incorporate some metal -  metal 
bonding along with antiferromagnetic coupling, reducing the apparent number of 
unpaired electrons. This lowered effective magnetic moment due to metal -  metal 
bonding in a chromium methyl bridged dimer complex has been observed previously by 





Figure 28: Methyl bridged dimer complex with a lower then expected effecive magnetic moment 
This postulation has further justification on the addition of olefin when the 
dimer would be broken, in which the effective magnetic moment value increases to a 




In this chapter is reported the synthesis of anilinium adduct complexes of the 
general formula RsTACCrC^DMAB from the corresponding chromium trichloride 
complex and DMAB. These complexes involve a cation, consisting of DM AH in a 
bifurcated hydrogen bond to two chloride substituents, and a weakly coordinating 
borate anion. The aggregation of this ion pair is both solvent and concentration 
dependent. In non-polar solvents at concentrations above 0.1 M the ions pair and so 
dipoles are the dominant species in solution. For less concentrated solutions the ions 
dissociate resulting in separate ions as the prevailing species. Polar solvents have the 
same effect as reduced concentration in that separate ions dominate the solution but in 
this case solvation of the ions is the cause.
Paramagnetic broadening of signals in 19F NMR spectroscopy has been utilised 
in the estimation of anion-cation interaction in solution. By using the 1/r6 dependence 
on the line broadening, r being the distance between paramagnetic centre and nucleus 
under investigation, the closest fluorine atoms on the anion are found to be 4.5 A from 
the chromium. This value in the solid state is slightly longer than the value calculated in 
solution due to more restrictions imparted by the close packed cations in the solid state.
Activation of the RsTACCrClsDMAB complexes with A IR 3  results in the 
extreme line broadening of the meta fluorine signal in the 19F NMR spectrum. This 
result led to the postulated active complex R3TACCrR2B(C6F5)4. Calculations involving 
the line broadening of the fluorine signals in comparison with a fluorine internal
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standard on the coordinated triazacyclohexane concluded in a close contact m-F -  Cr of 
2.35 A. This result has also been reinforced by DFT calculations by Molnar. 173
Activation of R^TACCrC^DMAB complexes with a selection of AIR3 
compounds, studied by 19F NMR and effective magnetic moments by Evans method, 
led to the formation of mono-nuclear and an alkyl bridged dimer structures. These two 
structures are in equilibrium with the dominant species being dictated by the alkyl 
substituent R. Activation with AlMe3 leads primarily to the dimer, AlEt3 leads to a 
mixture, where as Al'Bu3 forms dominantly the mono-nuclear complex.
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5: Olefin Trimerisation 
5.1: Introduction
Ethylene oligomerisation to form longer chained a-olefins is a well-understood 
process that produces a distribution of products varying in chain length of a statistical 
distribution known as a Schulz-Flory176 or Poisson distribution. The generally accepted 
mechanism for this process, first proposed by Cossee and Arlman,177 involves a chain 
growth by firstly coordination of ethylene followed by insertion into a transition metal 
alkyl bond. This chain growth results in a termination step via a p-hydrogen transfer to 
the metal to form a metal hydride species and releasing a molecule of a linear a-olefin, 
Scheme 1.
Due to the undetermined number of insertion steps the distribution of products 
are formed from this type of mechanism. However, more recent discoveries have found 
a new set of catalysts which do not display this typical spread of products, instead these 
catalysts show a remarkable selectivity for the trimerisation product 1-hexene and 
recently even tetramerisation to 1-octene. This selectivity is not possible from the chain
4 r )
Scheme 1: Chain growth mechanism for polymerisation
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growth mechanism and so a scheme involving metallacycle intermediates was adopted. 
McDermott had previously demonstrated metallacycles in the early 1970s at a Pt (II)
Manyik proposed the first metallacycle mechanism for the selective trimerisation of 
ethylene to 1-hexene in 1977,179 Scheme 2.
This mechanism started with the addition of two equivalents of ethylene to an 
unspecified chromium source followed by a ring closing process to the formation of a 
metallacyclopentane. After the coordination of the third equivalent of ethylene a p- 
hydrogen transfer occurs from the metallacyclopentane to the coordinated ethylene to 
form a chromium butenyl ethyl intermediate. Reductive elimination from this di-alkyl 
intermediate liberates 1-hexene and reproduces the initial chromium species. Kinetic 
studies were undertaken on this system and found a second order dependence with 
respect to ethylene and so formation of the metallacyclopentane was proposed as the 
rate-determining step.
centre 178 and thereby showed the possible existence of this type of intermediate.
Scheme 2: Proposed metallacycle mechanism for ethylene trimerisaston
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Following this publication Briggs proposed an alteration to the step leading to 
the liberation of 1-hexene, 44 instead of the p-hydrogen transfer to ethylene, a fast 
insertion of the coordinated ethylene into the metallacyclopentane species occurs to 
form a metallacycloheptane. At this stage ring opening occurs with the formation of a 
chromium hexenyl hydride species that can undergo reductive elimination to liberate 1- 








Scheme 3: Proposed trimerisatin mechanism with metallacycle growth 
This postulation was based upon the thermal decomposition of platinacycles,
reported by McDermott, 180 for the selective liberation of 1-hexene the insertion step
must be faster than the decomposition of the metallacyclopentane to 1-butene.
Following from this the liberation of 1-hexene must be a faster process than the




Greater support for this altered mechanism came in the form of two chromium 
metallacycles synthesised by Jolly, 14 Figure 1.
Figure 1: Chromium metallacycle complexes 
The metallacyclopentane complex is found to be more stable than the 
metallocycloheptane analogue with Tdec = 151 °C and 56 °C respectively. The 
metallacycloheptane complex decomposes with the liberation on 1 -hexene and the 
protonolysis of the product of the reaction of the metallacyclopentane complex with 
ethylene (0.1 bar, room temperature) leads to the liberation of hexane and butane 1 : 3. 
X-ray crystal structures of chromium alkyl hydride complexes have also been reported,
1 ftlby Theopold, showing the possibility of the intermediate after P-hydrogen transfer. 
However, both the Jolly metallacycle complexes and the Theopold alkyl hydride 
complexes are unable to catalyse the selective trimerisation of ethylene. Using the Cp 
type ligands requires a labile pendant group for selective trimerisation as observed in 
the [CpCMe2Ph]TiCl3 / MAO system. 81
A study by Bercaw et al. using an equimolar mixture of C2H4 / C2D4 for 
trimerisation with the system [((o-MeO-Phenyl)2P)2NCH3]CrPh3 / 
H(Et20 )B(C6H3(CF3)2)4 revealed that there was no scrambling of the deuterium 
isotopes. For a classical Cossee-type mechanism it is expected that there will be some H 
/ D scrambling as the metal hydride into which the first equivalent of ethylene inserts
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/ D scrambling as the metal hydride into which the first equivalent o f  ethylene inserts 
com es from the last olefin to be produced. A s either a proton or deuterium is donated 
from the previous olefin, and either a proton or deuterium is lost on liberation o f  the 
produced olefin, the products formed by this type o f  mechanism range from C6 D 12 to 
C6 H 12 with all the permutations o f  hydrogen and deuterium C 6 HxD(i2 -X), Scheme 4.
Scheme 4: Isotope experiment showing scrambling of hydrogen or deuterium from previous 1-hexene
For a m etallacycle mechanism there are no hydrogen or deuterium atoms passed 
on from previously liberated olefin and hence all protons and deuterium atoms from the 
three equivalents o f  ethylene are contained within the one m olecule o f  1-hexene. 
Therefore, there is no H / D scrambling and only products with even numbers o f  
hydrogen and deuterium are obtained (C6 H 12, C6 H 8 D 4 , C6 H4 D 8 and C6 D 12) in a ratio o f  











One aspect of the mechanism that is still in contention is the oxidation state of 
the chromium during the catalytic cycle. Oxidative addition of two equivalents of 
ethylene to form a metallacyclopentane dictates that there is change in oxidation state of 
Mn to Mn+2. In this process the metal centre acts as both a Lewis acid and a Lewis base 
reacting with a molecule AB, in this case two molecules of ethylene, forming two new 
M -  A and M -  B bonds. This increases the coordination number of the metal centre by 
two and as A and B are considered to be more electronegative than M the formal 
oxidation state of M increases by two, Scheme 5.
| - > M “  ►  \ r 2 ^  Cr” ------------- ►  .cr”*2W  /
Scheme 5: Oxidative addition of ethylene to form metallacyclopentane 
At the end of the catalytic cycle there is a decrease in the oxidation state from 
Mn+2 to Mn via reductive elimination liberating 1-hexene. This process is the reverse of 
the oxidative addition with the formation of an H -  C bond and the breaking of 2 Cr -  C 
bonds whilst reducing the formal oxidation state of chromium by two, Scheme 6.
1-hexene
Scheme 6: Reductive elimination to liberate 1-hexene 
Various pairs of oxidation couples have been proposed Cr(ffl) /Cr(V), Cr(I) / 
Cr(III), 179 and Cr(II) /  Cr(IV) 184 though none have been proven conclusively. Cr(III) 
complexes are typically the most stable, while Cr(II) and Cr(IV) complexes are less 
stable. Cr(V) and Cr(I) complexes are quite rare and unstable. Therefore in terms of 
stability a Cr(II) / Cr(IV) couple would be the most likely. Known Cr(V) complexes
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typically only have oxygen or halide ligands, whereas organometallic Cr(I) complexes 
are possible with donor ligands such as aryl isocyanides and bipyridine. 185 Therefore 
the Cr(I) /  Cr(III) couple seems more likely than the Cr(III) / Cr(V) couple. Also 
experimental evidence using X-ray photoelectron spectroscopy of the Phillips catalyst 
seems to indicate a Cr(I) / Cr(III) couple for this system but still some Cr(II) and 
Cr(IV) sites are also detected so this couple can not be ruled out.
Although the metallacycle mechanism has been established over the last thirty 
years the first molecular modelling studies related to this mechanism were only 
published in 2003. The overriding factor for this slow arrival of computational support 
is due to the almost selective nature of this reaction to chromium catalyst. Modelling 
these systems would involve notoriously difficult open shell calculations in particular 
including spin state changes and there is also little fundamental experimental data on 
both the exact active chromium species and its electronic structure. However, van 
Rensburg 187 recently published a theoretical study assuming a Cr(II) / Cr(IV) couple for 
the Phillips (Cr-pyrrolyl) trimerisation catalyst system. A detailed analysis was 
conducted to determine the preferred spin ground state for the active Cr(II) and Cr(IV) 
species in the mechanism. It was determined that the triplet spin states for both the 
oxidation states are predicted to be the lowest in energy and hence, that there is no spin 
state crossing during the proposed mechanism, Scheme 7.
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/ \ / \ / AIEt,
I .Cl 
C r ' '  \
AIEt;
/ • \ \  , ' c ' 
/  C r ' \
\J"y AIEt,
Scheme 7: Proposed metallacycle mechanism with no hydride species 
Calculations of the Gibbs free energy profiles for the full potential energy 
surfaces of the i]5- and c- coordinated binding modes of the pyrrole ligand found both 
pathways feasible. In both cases the rate determining step for this system was found to 
be the metallacycle growth from the corresponding metallacyclopentane to the 
metallacycloheptane complex but involves a lower energy in the o-coordinated 
complex. Whereas metallacycle formation is favoured by r|5-coordination showing that 
a change in the pyrrole-binding mode is an important concept in this mechanism. 
Calculations on the counter ion during the catalytic cycle reveal that there is a 
significant reduction in the activation energy of the rate-determining step when a 
structure incorporating the whole [ClAlMe3]' anion instead of the much simplified Cl'
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ion. Therefore suggesting that the full aluminate anion may have an important role in 
controlling the reactivity of the Cr-pyrrolyl catalyst system.
After the recently published discoveries of tantalum 188 and titanium 189 based
trimerisation catalyst systems there was an increased interest in the understanding of 
this highly selective reaction. Yu and Houk 190 published a detailed study on the TaCb 
catalysed trimerisation. The proposed mechanism for the reaction with the tantalum 
catalyst is a very similar metallacycle process as used to describe the trimerisation with 
chromium, Scheme 8.
Starting from a tetrahedral ethylene coordinated tantalum complex a second 
equivalent of ethylene binds to form a trigonal bipyramidal complex. The two bound 
olefins form a metallacyclopentane complex that is found to be more stable as a square 
based pyramid complex. Insertion of a third equivalent of ethylene into the metallacycle 





Scheme 8: Trimerisation mechanism used for the calculations of the TaCl3 system
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arrangement, p-hydrogen and reductive alkane elimination result in the formation of a 
1-hexene bound complex that readily liberates the olefin and binds another equivalent of 
ethylene to continue the cycle.
From the calculations it is found that the energy barrier for ethylene addition to 
the metallacyclopentane is lower than for the reductive elimination process to liberate 1- 
butene. This energy barrier is also lower than the corresponding energy barriers to 
addition of ethylene to the mono-ethylene coordinated complex and the 
metallacycloheptane intermediate. Due to the ring strain in the metallacyclopentane, 
with a C -  Ta -  C angle much smaller than the ideal 120 °, there is less steric hindrance 
to the addition of another ethylene molecule. The relatively high energy barrier for the 
addition of ethylene to the metallacycloheptane complex, along with the somewhat 
easier reductive elimination step from this larger ring size, are the reasons for the 
termination of ring growth beyond a metallacycloheptane and the selectivity for 1- 
hexane production. The P-hydrogen elimination of the metallacycloheptane to form the 
1-hexene coordinated complex occurs as a concerted process passing through a 
transition state with an agostic metal -  hydrogen interaction, Figure 2.
The alternative two step process involving p-H abstraction and reductive 
elimination, which has been proposed for the chromium system, requires a higher 
activation energy barrier to form the metastable tantalum hydride intermediate and a 
very unfavourable second reductive elimination step.
Cl
Figure 2: Agostic hydrogen intermediate during P-hydrogen elimination
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Blok, 191 de Bruin, 192 as well as Tobisch and Ziegler 193 independently 
performed calculations on the half metallocene titanium catalyst system, Figure 3.
Figure 3: [CpCMe2Ph]TiCl3 / MAO system 
Collectively their findings are very similar to those results found in the tantalum
system. The poor selectivity for the dimerisation to form 1-butene is governed by the
high-energy barriers of a two step p-H abstraction and reductive elimination, or
conformationaly impossible concerted agostic p-H transfer, compared with the low
energy addition and insertion of another equivalent of ethylene. The selectivity for 1-
hexene production is credited to the low energy barrier for an agostic P-H transfer from
the metallacycloheptane compared with the energy required for addition of another
ethylene molecule. In this system the larger energy barrier for addition of this third
ethylene molecule is due to steric constraints of the pendent arene ring. Calculations on
the system with no labile arene moiety reveal a vastly reduced 1-hexene selectivity with
a greater degree of oligomerisation and polymerisation. These calculations are
supported by the practical observations seen by this catalyst under standard
trimerisation conditions. 39
As mentioned earlier both Manyik and Yang reported a second order 
dependence on ethylene for two different chromium catalyst systems. These
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observations imply the rate determining step to be the formation of the 
metallacyclopentane. Studies by Kohn on the triazacyclohexane chromium system 
established a first order dependence of a-olefin in the trimerisation of the more bulky 1- 
hexene. Similarly Deckers reported a first order dependence with respect to ethylene 
with the [C5H4C(CH3)2C6H5]TiCl3 system. This would imply that the rate determining 
step would be the insertion of the third equivalent of ethylene into the 
metallacyclopentane. Blok, as well as Tobisch and Ziegler who found that this insertion 
step is rate determining for the same system have endorsed this result in the molecular 
modelling results. Contrary to these findings de Bruin postulated that the liberation of 1- 
hexene from the titanacycloheptane ring and not metallacycle growth is rate limiting, 
although this would mean a zero order dependence with respect to ethylene, 
experimentally this was not observed. Molecular modelling calculations on the Phillips 
catalyst system, by van Rensburg, determined that insertion of ethylene is the rate 
determining step in that case.
5.2: Results and Discussion 
5.2.1: Trimerisation
R3TACCrCl3 complexes activated by the co-catalyst MAO or by pre-formation 
of the DMAB adduct followed by activation with A IR 3  can perform selective 
trimerisation reactions of a-olefins. In accordance with the metallacycle mechanism a 
Schultz-Flory distribution of a-olefins is not produced. For ethylene trimerisation the 
major product is 1-hexene, Scheme 3, other minor products consist of decenes and 
higher oligomers resulting from co-trimerisation between ethylene and the 1-hexene
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produced. For a-olefin trimerisation a number of isomers are produced based upon the 
same hexene backbone, Scheme 9.
The following proposed mechanism is consistent with our observations: P~H 
transfer and reductive elimination of fyo-butane and wo-butene from the activated di­
alkyl complex results in the formation of a Cr(I) complex with an equivalent of the 
toluene solvent filling the vacant coordination sites. Addition of two equivalents of cx- 
olefin to the chromium centre form a metallacyclopentane complex with the two 
branches of the a-olefins in a distribution of the four possible positions. Coordination 
and insertion of the third equivalent of a-olefin, orientated either way round, creates a
R
DMAB









Scheme 9: Proposed trimerisation mechanism for the R3TACCrCl3 system
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metallacycloheptane complex. After p-H transfer and reductive elimination the initial 
chromium-arene complex is formed with the liberation of the trimer product. The nature 
of the a-olefins produced varies between vinylidene and internal olefins, Scheme 10. 











As well as the trimers shown above elimination can also occur onto an R group 
on the a-carbon of the metallacycle. In the case of propene trimerisation this can lead to 
vinyl end groups. Separation of these products can be achieved by GC but to be able to 
recover the separated fractions would be an extremely difficult process and so has not 
been attempted. However, confirmation of trimerisation can also be found from 
comparison of the integrals of the olefinic region with the aliphatic region of the JH 
NMR spectrum. As trimerisation occurs the difference in integral intensities increases
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quite significantly in favour of the aliphatic region due to the number of C = C bonds 
being broken to form more C -  C bonds. Decomposition of the catalyst during 
trimerisation or impurities in the solvent lead to complexes that are inactive for 
trimerisation but are still (slowly) active for olefin isomerisation, i.e from 1-hexene to 2- 
hexene. Both the trimerisation reaction and isomerisation show a loss of one of the vinyl 
signals of 1-hexene in the JH NMR spectrum but the ratio between olefinic and aliphatic 
integrals is much different in each case. For isomerisation the ratio would tend to 1 : 5 
with 2 olefinic, and 10 aliphatic protons in the 2-hexene molecule. For trimerisation this 
ratio tends to 1 : 17 with the consumption of 1-hexene.
The trimerisation reactions carried out were all in NMR tubes with the products 
only identified by and 13C NMR spectroscopy with no isolated yields. These 
reactions were primarily to identify active catalytic systems and only give a rough guide 
to the rate of reaction as the trimers were isolated and fully characterised before. 194 
NMR tube trimerisation reactions have been performed using a number of different 
RsTACCrCb complexes with a variety of activators and olefins, Table 1. All reactions 
were carried out at room temperature with no stirring. For the ethylene trimerisations an 
ethylene pressure of 1 bar was used and hence reaction times in these cases include the 
diffusion time of the gas into the solution.
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R3TACCrCl3 Activator Solvent Olefin Time Product /Purity
2-EtHex DMAB/
AlMe3
Toluene Ethylene 40 min -
2-EtHex DMAB/
AlEt3




Toluene Ethylene 13 min 1-Hexene
/>99%




Toluene Ethylene 1 day -
2-EtHex DMAB/
A1zBu3












Toluene 1-Hexene 2 day -
Do DMAB/
A1zBu3
Toluene 1-Hexene 3 days Trimer / 77%
Do DMAB / 
A1zBu3




DCM 1-Hexene 7 days 2-Hexene / 2%
Do MAO Toluene 1-Hexene 5 days Trimer / 69%
Do MAO Toluene Allylbenzene 5 days Isomerisation / 
5%
Table 1: a-olefin trimerisations with activated R3TACCrCl3 complexes 
The choice of activator can have a significant effect upon the formation of an
active catalytic system. With the standard polymerisation activator MAO in a 100 fold
excess the (2-EtHex)3TACCrCl3 complex can be activated to give a very efficient
ethylene trimerisation catalyst, with consumption of the monomer within 10 minutes to
give selectively 1-hexene with no visible signs of side products in !H NMR. This
reactivity and selectivity can be mirrored by addition of DMAB to the same chromium




Isobutene signal remains constant 
CH2 (isobutene) Change in intensity due to scaling
ethylene
CH2 (1-hexene) CH2  (isobutene)Min
CH (1-hexene)




CH2  (isobutene)CH (1-hexene)
Days
CH-> (isobutene)CH=CH (2-hexene) 
________
4 . 4 4 . 25 . 2 5 . 0 4 . 8 4 . 66 . 0 5 . 8 5 . 6 5 . 46 . 4 6 . 2 ppm
Figure 4: Consecutive *H NMR 400 MHz, 298 K spectra for the trimerisation of ethylene with the 33 /




Activation of 33 with Al'Bii3 results in the formation of an alkyl chromium 
complex that is prone to p-hydrogen elimination to form the active trimerisation catalyst 
and isobutene. The static integrals for the isobutene, in comparison with the solvent 
peak, show that this olefin does not participate in any further reaction showing that 
olefins with vinylidene termini cannot form metallacycles in this system. Upon addition 
of ethylene to the activated complex there is rapid formation of 1-hexene with almost 
complete consumption of ethylene within 13 minutes. Decomposition of the active 
complex, within 1 day, results in a species that is slowly active for the isomerisation of 




A similar, but slightly slower, reactivity was observed on switching to AlEt3 and 
may be due to the distribution of the activated complex between a mono-nuclear species 
and the alkyl bridged dimer complex. (See chapter 4) If the active species for the 
trimerisation can only be formed from p-H transfer and reductive elimination from the 
mono-nuclear species then a longer activation time would be expected as the rate of 
interconversion of the two equilibrium species is included, Scheme 11.





Scheme 11: Reactivity of mono-nuclear and alkyl bridged dimer complexes 
Activation with AlMe3 gives a trimerisation inactive solution, as the dimer
complex is predominant in solution. There are no P-hydrogen atoms on either of the
alkyl groups and therefore cannot undergo p-H transfer and reductive elimination from
any monomer species formed. Instead activation would require the addition of an olefin
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followed by insertion into a Cr -  Me bond to give the required p-hydrogen. However, 
this process is slower than reformation of the dimer species.
Attempted activation of the (2-EtHex)3TACCrCl3 / DMAB system with ZnEt2, a 
substitute for aluminium that promotes decomposition, gives a green solution in 
appearance very similar to AIR3 activation. However, this activated complex does not 
show any activity towards ethylene, either polymerisation or trimerisation.
Variation in the arms of the triazacyclohexane ligand also has a dramatic effect 
upon the reactivity of the trimerisation. This steric factor also dictates the selectivity of 
each triazacyclohexane chromium complex with different a-olefins. As the alkyl 
substituents of the triazacyclohexane are initially directed away from the metal centre 
the bulk of straight chained alkyl substituents apply a minimal amount of steric 
hindrance upon the active site of the chromium, as is observed for 19 that can be 
activated to give an active 1-hexene trimerisation catalyst. In comparison complex 17, 
that incorporates an ethyl group branching in the P-position, is an excellent ethylene 
trimerisation catalyst. But due to a larger steric hindrance of the active site is found to 
lose all trimerisation activity with the larger 1-hexene olefin. When activated 18 
incorporates branching of the arms further from the triazacyclohexane ring maintains 
some 1-hexene trimerisation ability, whereas the activated (Sen)3TACCrCl3 (Sen = 2- 
thiophenemethyl) complex with a short arm joining the sulphur containing heterocycle 
to the triazacyclohexane shows no reactivity towards 1-hexene. Changing one of the 
dodecyl substituents of 19 with a phenyl ring, to give the Do2(Ph)TACCrCl3 complex, 
seems to give a dramatic decrease in activity. However, in this case there is no 
significant increased steric factor to blame, but the phenyl ring does have a detrimental
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effect. There is an electron withdrawing effect upon the nitrogen lone pair by the phenyl 
ring causing the N -  Cr bond to be significantly weaker than the other two N -  Cr 
bonds. This reduced ligand -  metal interaction causes this activated complex to 
decompose much more readily than activated 19. The more sterically bulky olefin, allyl 
benzene, has only been found to undergo isomerisation with any of the activated 
R.3TACCrCl3 complexes.
Effective magnetic moment measurements have been calculated on a variety of 










2.95 2 or 3
17 / MAO / Ethylene 3 min 
Toluene
2.89 2 or 3
17 / MAO / Ethylene 8 min 
Toluene
2.87 2 or 3
33 / AlEt3 
Toluene
3.81 3
33 / AlEt3 / Ethylene 8 min 
Toluene
3.66 3
33 / AllBu3 
Toluene
3.99 3
33 / A1'Bu3 / Ethylene 3 min 
Toluene
3.98 3




Table 2: Effective magnetic moments of activated R3TACCrCl3 complexes during catalysis 
On addition of a-olefin to the solution of activated R^TACCrCh complexes the 
effective magnetic moment drops slightly in all cases. In all but the MAO activation the 
effective magnetic moments during catalysis are still within experimental errors of the
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values for three unpaired electrons and so the dominant complex in solution is Cr(III). 
The reduction in magnetic moment after activation is due to decomposition of the active 
complex and precipitation of a Cr(I) species. On activation with MAO the chromium 
complex formed is a methyl bridged dimer with a lower than expected magnetic 
moment, (see chapter 4) the same species must be a resting state for the active catalyst 
whilst not involved in the catalytic cycle.
5.2.2: Decomposition
All of the active activated R.3TACCrCl3 complexes have a relatively short 
lifetime, showing significant decomposition within 1 hour. The same decomposition is 
observed from the activated R3TACCrCl3 complexes without addition of olefin, but in 
this case the process is much slower with complete decomposition occurring within 1 
week.
The 19F NMR data from the decomposition of 39 was compiled in a graph (See 
Chapter 4) of line width, of the fluorine signals, against the amount of decomposition. A 
more informative label for this latter axis, and the physical measurable quantity is the 






° B (C 6F5)4
Figure 5: Complex 40 decomposition product 
In parallel with the 19F NMR spectra obtained for this period of decomposition
NMR spectra were also obtained, Figure 6. These spectra were recorded using 
parameters convenient for identifying nuclei of diamagnetic compounds, i.e. relatively 
long acquisition times and delays, hence no chromium species were observed during the 
decomposition. Emerging from these spectra as the decomposition proceeded were a 
pair of doublets at 5 = 3.48 and 2.88 with /Ha,Hb = 8.9 Hz corresponding to a 
triazacyclohexane ring with inequivalent axial and equatorial methylene protons, hence, 
a metal complex with coordinated triazacyclohexane. As the signals are sharp the 
protons belong to a diamagnetic species. Additional signals due to iso-butyl groups 
were found in the aliphatic region. Integration of these peaks in comparison with those 
of the triazacyclohexane revealed two iso-butyl groups per complex, hence, the 
structure given above.
An NMR tube reaction of D0 3 TAC with Al'Bu3 in deuterated benzene solution 
did not result in any reaction and both and 13C NMR spectra confirmed the existence 
of both starting reagents with no additional species in solution. Addition of one 
equivalent of DMAB to the solution resulted in the formation of the aluminium 






D 0 3 TAC + A1'Bu3 + DMAB
CJD6^6
[Do3TACA1'Bu2 ][B(C 6 F5 )4] +DMA
Scheme 12: Alternate formation of aluminium decomposition product
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The same reaction was performed using the 2-EtBu3TAC ligand and the 
corresponding aluminium complex [(2-EtBu)3TACAllBu2][B(C6F5)4] 41 was formed, 
Table 3.
a b c d e
opIIC4 3.48,3H, d 2.88, 3H, d 0.07,4H, d 1.76, 2H,m 0.95 ,12H, d
R = 2-EtBu 3.73,3H, d 3.08, 3H, d 0.24, 4H, d 1.70, 2H, m 0.92, 12H, d
Table 3: *H NMR data for complexes 40 and 41 
Upon addition of 1-hexene to the solution of 41 there is no change to the signals 
for the complex in the NMR spectra. After 1 day the doublet at 0.07 ppm had 
become a triplet and small quantities of isobutylene and 2-hexene were present. These 
observations are consistent with alkyl substitution on the aluminium of the isobutyl 
groups for 1-hexene. Very slowly these groups can be substituted with the liberation of 
1-hexene or 2-hexene. In this way this decomposition product may be responsible for 
the isomerisation observed during the chromium catalysed trimerisations.
Using the relative process of the formation of this aluminium complex during 
the decomposition as the x-axis a new plot against line broadening of the fluorine anion 
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m
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eq. of [(R3TAC)AIR2] cations formed
Figure 7: Graph of line widths of fluorine signals against the amount of decomposition product formed 
Extrapolation of the lines for the ortho-, m e t a and para- fluorine signals to the 
convergence point at which the line broadening of all three signals are equal to each 
other, and to that of a diamagnetic solution of the same anion, is the point at which there 
is complete decomposition. At this point the aluminium complex that has been formed 
is present in about 2/3 of an equivalent with respect to the starting chromium complex. 
This value is determined by the integration of the triazacyclohexane methylene proton 
signals compared with the integration of the signals of a known quantity of the toluene 
solvent.
In conjunction with the formation of this aluminium complex is the 











Figure 8: Structure of the cation of 42
This Cr(I) sandwich compound has two toluene solvent molecules bound each in 
a r|6 fashion and parallel to each other. In the crystal structure is a significant degree of 
disorder, there are two sets of toluene rings with two chromium positions. The first 
structure has the methyl groups of ring 1 (C30-C35) and ring 2 (C40-C45) almost 
eclipsing, the second structure has ring 1A (C30A-C35A) skewed by about 60 ° from 
ring 2A (C40A-C45A). In each of the two structures the corresponding Cr(l) and 
Cr(l A) sit almost in line with the centroid of the ring, Table 4.
Cr -  Tol(centroid) / A Ring Slippage / A
Cr(l) / Ring (1) 1.6208 (18) 0.049
Cr(l) / Ring (2) 1.655 (2) 0.032
Cr(lA) / Ring (1A) 1.621 (5) 0.074
Cr(lA) / Ring (2A) 1.541 (5) 0.185
Table 4: Orientation of coordinated toluene in 42
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The crystals are air and moisture sensitive decomposing in air within a few 
minutes. The crystals of this sandwich complex obtained from the decomposition 
account for about 1/3 of the total amount of chromium added to the system but clearly 
demonstrates that the reduction of the starting Cr(III) complex to give Cr(I) species is 
accessible in this system. Hence, the proposed Cr(III) / Cr(I) couple is a strong 
candidate for the trimerisation using the R3TACC1CI3DMAB / AIR3 catalyst system.
The triazacyclohexane ligand does not bind significantly stronger in the k 3 
bonding mode than in k 1 fashion. (See Chapter 3) The ligand has a tendency to slip in 
solution to give a monodentate triazacyclohexane chromium intermediate that has the 
ability to bind electron donor molecules, (i.e. olefins) This slipping of the 
triazacyclohexane to vacate empty chromium d orbitals may be a key feature to the 
success of this type of complex as a-olefin trimerisation catalyst. However, during this 
process a pathway for decomposition is unveiled, Scheme 13.
R R
Scheme 13: Proposed decomposition pathway 
After slipping of the triazacyclohexane the nitrogen lone pairs are in an axial
orientation and are hindered towards donation to any species other than the d orbitals of
the parent chromium centre. However nitrogen inversion may occur placing the nitrogen
lone pairs in equatorial positions and hence exposing them to Lewis acids such as A I R 3 .
Once aluminium is coordinated all three nitrogen lone pairs may be donated and leave a
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coordinatively unsaturated chromium species that rapidly finds a solvent molecule to fill 
the vacant sites. In this way both of the two identified decomposition species can be 
formed.
From a known quantity of pre catalyst and activators a proposed stoichiometry 
for the decomposition can be devised, Scheme 14.
/
3 r - ^  r  2Art
n5 ^ n'--------------












Scheme 14: Stoichiometry of decomposition 
Accounting for the two known decomposition products the remaining 
stoichiometry gives a third neutral complex of formula “(R3TAC)Cr2R6”. As mentioned 
previously for copper complexes (See Chapter 3) the triazacyclohexane ligand can act 
as either a k 1 or k 2  ligand to more than one metal centre simultaneously. In this way the 
third decomposition product may take the form of a cluster compound with multiple 
metal centres linked via bridging triazacyclohexane ligands.
5.3: Summary
Reported herein is a number of R3TACC1CI3 complexes that can be activated by 
MAO or a combination of DMAB followed by AIR3 to give active trimerisation 
catalysts for ethylene and 1-hexene. At room temperature and at 1 bar ethylene pressure 
both activation methods lead to active systems of comparable activity. It is found that 
activation with AlMe3 leads to a complex that is inactive towards a-olefins. Upon
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activation with A IR 3  the R 3 T A C C 1 C I3 D M A B  complexes form a pair of complexes that 
are in equilibrium one being a mono-nuclear species the other a dimer. The dimer is 
inactive towards olefins without firstly converting into the mono-nuclear complex. As 
the dimer species is the more stable on AlMe3 activation the equilibrium of this system 
is found to be predominantly in favour of this complex and hence is an inactive catalyst.
Selectivity in the R3TACC1CI3 system towards different a-olefins can be 
achieved with variation of the alkyl substituent R. Branching of this subtituent 
especially in the P-position of the alkyl chain tends to lead to excellent selective 
ethylene trimerisation catalyst whilst their steric bulk tends to hinder the formation of 
metallacycles with larger a-olefins. Straight chained alkyl substituents are found to 
make catalysts with a good activity towards the larger a-olefins. Proposed in the 
catalytic cycle is the possible slipping of the triazacyclohexane ligand during the 
addition of the two equivalents of a-olefin. To try to enhance this feature mixed 
triazacyclohexane complexes, with either one or two weaker donor nitrogen atoms, 
were tested. However, these complexes had a dramatically shortened lifetime and so did 
not show the same activities as previously observed.
Effective magnetic moment measurements, by the Evans method, on these 
systems during catalysis reveals the principal complexes in solution are Cr(III). Upon 
decomposition of the active chromium complex, 42 crystallises out of the solution and 
is proof that Cr(I) is accessible in this system and that the most likely oxidation couple 
for this system is Cr(ffl) / Cr(I).
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The other decomposition product found in this system was identified by signals 
in the NMR spectra that show the formation of a R’3TACA1R.2B(C6F5)4 complex. 
Confirmation of this complex came in the separate formation of this compound from the 
corresponding R’bTAC with DMAB and an excess of A IR 3 . Formation of this complex 
as a part of decomposition is also thought to be a product of the ring slipping process of 





6.1: Materials, Techniques and Instrumentation
Solvents were freshly distilled from the appropriate drying agents. Any reactions 
involving air-sensitive species were carried out under a dry nitrogen atmosphere, using 
standard vacuum line techniques or under an argon atmosphere in a Saffron glove box. 
Where necessary, solvents were degassed by repeated and alternately exposing to vacuum 
and nitrogen. Transfers of air-sensitive materials were performed either via syringe, in a 
Saffron glove box, or using standard Schlenk techniques. Column chromatography was 
performed on Merck silica gel 60H, 230-300 mesh, and using standard chromatographic 
methods.
Reagents were purchased from Fisher, Aldrich, Avocado, or Lancaster. *H NMR 
spectra were recorded on a Bruker Avance 300 (300MHz), or a Bruker Avance 400 (400 
MHz) spectrometer. 13C{1H} NMR spectra were recorded on a Bruker Avance 300 (75.5 
MHz), or a Bruker Avance 400 (100.5 MHz) spectrometer. 19F NMR spectra were recorded 
on a Bruker Avance 400 (376.2 MHz). COSY and DEPT experiments were used in cases 
where assignment of signals was unclear. *H NMR shifts are reported in ppm relative to 
CDCI3 (57.27) or C6D6 (57.15), 13C chemical shifts are reported relative to the central peak 
of CDCI3 (677.0), or C6D6 (6128.0). Abbreviations used in the description of spectra are s = 
singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd = doublet of doublets, m = 
multiplet, bs = broad singlet, bm = broad multiplet. Effective magnetic moments were 
measured by Evans method. Magnetic susceptibilities for diamagnetic components are: 





Synthesis Of (2-EtBu>3TAC 4
Toluene
+ 3 (H2 CO),
2-Ethyl-n-butyl amine (2g) was dissolved in 30ml of toluene in a round-bottomed 
flask. Paraformaldehyde (1.103g) was added to the solution and stirred until all had gone 
into solution. This was followed by distillation of half the toluene with the water produced 
in the reaction. The remaining toluene was pumped off under vacuum, resulting in a 
colourless liquid of EtBu3TAC (2.03g, 91 %). *H NMR (300MHz): 5(CDC13) 3.22 (6H, bs, 
N-CHj-N), 2.24 (6H, d, Jh,h=5.3H z, N-CH2-C), 1.28 (15H, m, C-CH-[CH2]2), 0.81 (18H, t, 
Jh,h=7.2H z, C-CH3). 13C{'H} NMR (75.5MHz): 8(CDC13) 75.71 (s, N-CH2-N), 56.70 (s, 
N-CH2-C), 39.13 (s, C-CH-[C]2), 24.63 (s, C-CH2-C), 11.21 (s, C-CH3).
Synthesis Of (2-EtHex)3TAC 5
HexEt
Toluene
+ 3 (H2 CO),
HexEtEtHex
2-Ethyl-n-hexylamine (lOg) was dissolved in 100ml of toluene in a round-bottomed 
flask. Paraformaldehyde (2.32g) was added to the solution and stirred until all had gone 
into solution. This was followed by distillation of half the toluene with the water produced 
in the reaction. The remaining toluene was pumped off under vacuum, resulting in a 
colourless liquid of EtHex3TAC (5.094g, 83 %). 'H NMR (300MHz): 8(CDC13) 3.22 (6H,
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bs, N-CH2-N), 2.17 (6 H, d, JH)h=5.3H z, N-CH2-C), 1.23 (27H, m, C-CH-[CH2]2CH2CH2), 
0.80 (18H, t, JH)h=7.2H z, C-CH3). NMR (75.5MHz): 5(CDC13) 75.67 (s, N-CH2-
N), 57.10 (s, N-CH2-C), 37.66 (s, C-CH-[C]2), 31.79 (s, C-CH2-C), 29.33 (s, C-CH2-C),
24.96 (s, C-CH2-C), 23.53 (s, C-CH2-C), 14.49 (s, C-CH3 [Et]), 11.15 (s, C-CH3 [Bu]).
Synthesis Of Do3TAC 1 194
Toluene
3 DoNH2 + 3 (H2CO)n ------------
Dodecylamine (3g) was dissolved in 30ml of toluene in a round-bottomed flask. 
Paraformaldehyde (0.486g) was added to the solution and stirred until all had gone into 
solution. This was followed by distillation of half the toluene with the water produced in 
the reaction. The remaining toluene was pumped off under vacuum, resulting in a 
colourless liquid of Do3TAC (2.49g, 78 %). NMR (300MHz): 8(CDC13) 3.48 (6 H, bs, 
N-CH2-N), 2.57 (6 H, t, Jh,h=5.3Hz, N-CH2-C), 1.60 (6 H, m, C-CH2-C), 1.38 (56H, m, C- 
CH2-C), 0.99 (9H, t, Jh,h=7.2Hz, C-CH3). ^C^H } NMR (75.5MHz): 5(CDC13) 75.62 (s, 
N-CH2-N), 53.46 (s, N-CH2-C), 32.74, 30.57, 30.55, 30.53, 30.49, 30.24, 28.62, 28.33, 
27.72, 23.51 (s, C-CH2-C), 14.76 (s, C-CH3).
Synthesis Of d6-Do3TAC 2
Toluene
3 DoNH2 + 3 (D2CO)n -------  ^  D
Do
Dodecylamine (lg) was dissolved in 30ml of toluene in a round-bottomed flask, d2- 
Paraformaldehyde (0.162g) was added to the solution and stirred until all had gone into
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solution. This was followed by distillation of half the toluene with the water produced in 
the reaction. The remaining toluene was pumped off under vacuum, resulting in a 
colourless liquid of d6-Do3TAC (0.80g, 74 %). ‘h  NMR (400MHz): 5(CDC13) 2.38 (6 H, t, 
Jhjj=7.7Hz, N-CH2-C), 1.43 (6 H, m, C-CH2-C), 1.25 (56H, bs, C-CH2-C), 0.87 (9H, t, 
Jh,h=6.9Hz, C-CHj). 2H NMR (61.4MHz): 8(CDC13) 3.37 (6 D, bs, N-CD2-N). 13C{‘H) 
NMR (100MHz): 6(CDC13) 75.62 (quin, JD,c=32Hz, N-CD2-N), 53.46 (s, N-CH2-C), 32.74, 
30.57, 30.55, 30.53, 30.49, 30.24, 28.62, 28.33, 27.72, 23.51 (s, C-CH2-C), 14.76 (s, C- 
CH3).
Synthesis Of AlIyl3TAC 3
Toluene
+ 3 (H2CO),
Allylamine (8 .6 8 g) was dissolved in 50ml of toluene in a round-bottomed flask. 
Paraformaldehyde (4g) was added to the solution and stirred until all had gone into 
solution. This was followed by distillation of half the toluene with the water produced in 
the reaction. The remaining toluene was pumped off under vacuum, resulting in a 
colourless liquid of Allyl3TAC (8.28g, 79 %). *H NMR (300MHz): 5(CDC13) 5.82 (3H, m, 
C=CH-C), 5.17 (6 H, m, CH2=C), 3.34 (6 H, bs, N-CH2-N), 3.10 (6 H, d, Jh,h=6.4Hz, N- 
CH2-C). ^C^H} NMR (75.5MHz): 8(CDC13) 134.76 (s, C=CH-C), 116.93 (s, CH2=C), 
73.13 (s, N-CH2-N), 55.33 (s, N-CH2-C).
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Synthesis Of (Sen)3TAC 7
3
' S '
NH2 + 3  M
Toluen<
V S + 3 H 20  S--------f
2-Thiophenemethylamine (5g) was dissolved in 50 ml of toluene in a round- 
bottomed flask. Paraformaldehyde (1.327g) was added to the solution and stirred until all 
had gone into solution. This was followed by distillation of half the toluene with the water 
produced in the reaction. The remaining toluene was pumped off under vacuum, resulting 
in a colourless liquid of (Sen)3TAC (5.42g, 98 %). NMR (300MHz): 8(CDC13) 6.90
(6 H, bs, N-CH2-N). ^C^H } NMR (75.5MHz): 8(CDC13) 142.34 (s, S-C(-C)=C), 126.47 (s, 
C=CH-C), 125.64 (s, C-CH=C), 124.86 (s, C=CH-C), 72.81 (s, N-CH2-N), 51.61 (s, N- 
CH2,-C).




4-Fhiorobenzylamine (5g) was dissolved in 50 ml of toluene in a round-bottomed 
flask. Paraformaldehyde (1.226g) was added to the solution and stirred until all had gone 
into solution. This was followed by distillation of half the toluene with the water produced 
in the reaction. The remaining toluene was pumped off under vacuum, resulting in a 
colourless liquid of (p-FBz)3TAC (3.89g, 71 %). 7.26 (6 H, m, m-FCelLO, 6.96 (6 H, dd, 
Jh,h= 8.7H z, Jh,f= 8.7H z, <?-FC6H4), 3.60 (6 H, s, N-CH2-PhF), 3.37 (6 H, bs, N-CH2-N). 
13C{!H} NMR (75.5MHz): 6(CDC13) 161.92 (d, JC>F= 245Hz, ipso-FCeRO, 133.91 (d, JClF= 
3.0Hz, p-FC6H4), 130.29 (d, Jc,f= 8.0H z, m-FC6lU), 115.02 (d, Jc,f= 21.2Hz, o-FCefLO, 
73.54 (s, N-CH2-N), 56.13 (s, N-CH2-PhF).






3-Aminopropyltriethoxysilane (1.623g) was dissolved in 50ml of toluene in a 
round-bottomed flask. N,N,N’ ,N’-tetramethylmethylenediamine (0.749g) was added to the 
solution and refluxed at 110 °C for 3h. The toluene was pumped off under vacuum with any 
di-methylamine produced, resulting in a colourless liquid of [(EtO)3SiPr]3TAC (1.64g, 96 
%). 'H NMR (300MHz): 8(CDC13) 3.89 (18H, q, Jh,h=6.2Hz, 0-CH2-C), 3.37 (6 H, bs, N- 
CH2-N), 2.48 (6 H, t, Jh,h=5.2Hz, N-CH2-C), 1.65 (6 H, m, C-CH2-C), 1.29 (27H, t, 
JHfl=6.2Hz, C-CH3), 0.70 (6 H, t, Jh,h=5.7H z, Si-CH2-C). ^C l'H ) NMR (75.5MHz): 
8(CDC13) 75.14 (s, N-CH2-N), 58.64 (s, 0-CH2-C), 56.30 (s, N-CH2-C), 21.88 (s, C-CH2- 
C), 18.77 (s, C-CH3), 8.47 (s, Si-CH2-C).
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Synthesis Of (fl-MeOPh)3TAC 9 51
3
,0.







o-Anisidine (lg) was dissolved in 50ml of toluene in a round-bottomed flask. 
Paraformaldehyde (0.749g) was added to the solution and stirred for 8 h. The toluene was 
pumped off under vacuum with any di-methylamine produced, resulting in a colourless 
liquid of (o-MeOPh)3TAC (0.97g, 8 8  %). *H NMR (300MHz): 8 (CDCl3) 7.4 (3H, m, Ar),
CH3). 13C{‘H} NMR (75.5MHz): 8(CDC13) 147.50 (s. Ar-O), 136.97 (s, Ar-N), 123.33 (s,
6.3: Mixed Triazacyclohexanes
The mixed triazacyclohexanes were prepared by dissolving a primary amine (lg) 
and primary aniline, in the ratios stated, in a round-bottomed flask with toluene. The given 
amount of paraformaldehyde was then added and stirred for 8  hours, or until completely 
consumed. The solution was then distilled to reduce the toluene volume by half and remove 
the water produced. During this distillation any remaining formaldehyde is reacted. The 
remaining toluene was pumped off under vacuum. The mixture of products was then dried 
under vacuum in a water bath at 40 °C. Where stated the products were separated by
6 . 8  (3H, m, Ar), 6.7 (3H, m, Ar), 6.7 (3H, m, Ar), 4.8 (6 H, bs, N-CH2-N), 3.7 (9H, s, O-
Ar), 121.27 (s, Ar), 111.00 (s, Ar), 110.23 (s, Ar), 55.84 (s, Q-CH3).
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crystallization from petroleum spirit at -80 °C followed by a second purifying 
crystallization at 5 °C. Relative amounts of the different products were determined by *H 
NMR and are given in the equation.




►  0.29 PhoDoTAC +  0.57 Do2PhTAC + 0.14
D o3TAC + 3 H20
Do2PhTAC !H NMR (300MHz): 5(CDC13) 6.8-7.3 (5H, m, Ar), 4.15 (4H, s, N- 
CH2-N), 3.64 (2H, s, N-CH2-N), 1.60 (4H, m, C-CH2-C), 1.38 (36H, m, C-CH2-C), 1.04 
(6 H, t, C-CH3). ^C^H } NMR (75.5MHz): 8(CDC13) 149.85 (s, ArN), 129.50 (s, Ar), 
120.22 (s, Ar), 117.35 (s, Ar), 74.79 (s, N-CH2-N), 71.50 (s, N-CH2-N), 52.84 (s, N-CH2- 
C), 32.34 (s, C-CH2-C), 30.09 (s, C-CH2-C), 29.99 (s, C-CH2-C), 29.93 (s, C-CH2-C),
29.78 (s, C-CH2-C), 28.06 (s, C-CH2-C), 27.98 (s, C-CH2-C), 27.96 (s, C-CH2-C), 27.88 (s, 
C-CH2-C), 23.11 (s, C-CH2-C), 14.54 (s, C-CH3).
Ph2DoTAC NMR (300MHz): S(CDC13) 6.8-7.3 (10H, m, Ar), 4.72 (2H, s, N- 
CH2-N), 4.32 (4H, s, N-CH2-N), 1.60 (2H, m, C-CH2-C), 1.38 (18H, m, C-CH2-C), 1.04 
(3H, t, C-CH3). 13C{'H} NMR (75.5MHz): S(CDC13) 150.45 (s, ArN), 129.62 (s, Ar), 
120.90 (s, Ar), 117.72 (s, Ar), 71.58 (s, N-CH2-N), 68.85 (s, N-CH2-N), 52.47 (s, N-CH2- 
C), 32.34 (s, C-CH2-C), 30.09 (s, C-CH2-C), 29.99 (s, C-CH2-C), 29.93 (s, C-CH2-C),
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29.78 (s, C-CH2-C), 28.06 (s, C-CH2-C), 27.98 (s, C-CH2-C), 27.96 (s, C-CH2 -C), 27.88 (s,
C-CH2-C), 23.11 (s, C-CH2-C), 14.54 (s, C-CH3).
Synthesis Of Do2(p-BrPh)TAC And (p-BrPh)2DoTAC
NH;
2 DoNH 2  +
Toluene
+ 3 (H2 CO)n-------------------►  0.16 BrPh2DoTAC + 0.63 Do2BrPhTAC + 0.21
Do3TAC + 3 H20
Br
Do2(p-BrPh)TAC *H NMR (300MHz): 5(CDC13) 7.32 (2H, d, Jh.h=9Hz, Ar), 6.86  
(2H, d, Jh,h=9Hz, Ar), 4.08 (4H, s, N-CH2-N), 3.52 (2H, s, N-CH2-N), 2.41 (4H, t, 
Jh,h=7.2Hz, N-CH2), 1.45 (4H, m, C-CH2-C), 1.26 (36H, m, C-CH2-C), 0.89 (6H , t, 
Jh,h=6.9Hz, C-CH3). NMR (75.5MHz): 8(CDC13) 149.68 (s, ArN), 132.29 (s, Ar),
119.00 (s, Ar), 112.34 (s, ArBr), 74.71 (s, N-CH2-N), 71.34 (s, N-CH2-N), 52.77 (s, N- 
CH2-C), 32.32 (s, C-CH2-C), 30.08 (s, C-CH2-C), 29.98 (s, C-CH2-C), 29.90 (s, C-CH2-C),
29.76 (s, C-CH2-C), 28.04 (s, C-CH2-C), 27.94 (s, C-CH2-C), 27.88 (s, C-CH2-C), 27.83 (s, 
C-CH2-C), 23.09 (s, C-CH2-C), 14.53 (s, C-CH3).
(p-BrPh)2DoTAC !H NMR (300MHz): 5(CDC13) 7.33 (4H, d, Jh,h=6.6H z, Ar), 6.85 
(4H, d, Jh,h=6.6H z, Ar), 4.74 (2H, s, N-CH2-N), 4.25 (4H, s, N-CH2-N), 2.56 (2H, t, 
Jh,h=7.2Hz, N-CH2), 1.45 (2H, m, C-CH2-C), 1.26 (18H, m, C-CH2-C), 0.89 (3H, t, 
Jh.h=6.9Hz, C-CH3). 13C{!H} NMR (75.5MHz): 5(CDC13) 148.76 (s, ArN), 132.46 (s, Ar), 
119.49 (s, Ar), 113.41 (s, ArBr), 71.55 (s, N-CH2-N), 68.69 (s, N-CH2-N), 52.48 (s, N- 
CH2-C), 32.32 (s, C-CH2-C), 30.08 (s, C-CH2-C), 29.98 (s, C-CH2-C), 29.90 (s, C-CH2-C),
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29.76 (s, C-CH2-C), 28.04 (s, C-CH2-C), 27.94 (s, C-CH2-C), 27.88 (s, C-CH2-C), 27.83 (s,
C-CH2-C), 23.09 (s, C-CH2-C), 14.53 (s, C-CH3).
Synthesis Of Do2(p-FPh)TAC And (p-FPh)2DoTAC
2 DoNH 2  +
Toluene
+ 3 (H2 CO)n------------------- ►  0.16 FPh2DoTAC +  0.63 D o2FPhTAC + 0.21
D 0 3 TAC + 3 H20
Do2(p-FPh)TAC NMR (300MHz): 8(CDC13) 7.18 (2H, d, Jh,h=9Hz, A t), 6.63 
(2H, d, Jh,h=9Hz, A t), 4.04 (4H, s, N-CH2-N), 3.51 (2H, s, N-CH2-N), 2.43 (4H, t, 
Jh,h=1.8Hz, N-CH2), 1.46 (4H, m, C-CH2-C), 1.27 (36H, m, C-CH2-C), 0.89 (6 H, t, 
JH(h=6.9H z, C-CH3). 13C{!H} NMR (75.5MHz): 5(CDC13) 147.01 (s, ArN), 129.41 (s, Ar), 
119.18 (s, Ar), 115.81 (d, JC)f=9H z, ArF), 74.78 (s, N-CH2-N), 72.28 (s, N-CH2-N), 52.88 
(s, N-CH2-C), 32.33 (s, C-CH2-C), 30.08 (s, C-CH2-C), 29.98 (s, C-CH2-C), 29.91 (s, C- 
CH2-C), 29.77 (s, C-CH2-C), 28.05 (s, C-CH2-C), 27.94 (s, C-CH2-C), 27.92 (s, C-CH2-C),
27.86 (s, C-CH2-C), 23.09 (s, C-CH2-C), 14.52 (s, C-CH3). 19F NMR (376MHz): 5(CDC13) 
-122.9 (IF, bm, ArF).
(p-FPh)2DoTAC *H NMR (300MHz): 8(CDC13) 7.25 (4H, d, Jh>h=6.6H z, Ar), 6.60 
(4H, d, Jh,h=6.6H z, Ar), 4.67 (2H, s, N-CH2-N), 4.20 (4H, s, N-CH2-N), 2.58 (2H, t, 
Jh,h=7.2Hz, N-CH2), 1.46 (2H, m, C-CH2-C), 1.27 (18H, m, C-CH2-C), 0.89 (3H, t, 
Jh,h=6.9Hz, C-CH3). ^C^H} NMR (75.5MHz): 8(CDC13) 146.98 (s, ArN), 128.6 (s, Ar), 
119.28 (s, Ar), 116.11 (d, Jc .f=9H z, ArF), 72.40 (s, N-CH2-N), 70.67 (s, N-CH2-N), 52.64
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(s, N-CH2-C), 32.33 (s, C-CH2-C), 30.08 (s, C-CH2-C), 29.98 (s, C-CH2-C), 29.91 (s, C- 
CH2-C), 29.77 (s, C-CH2-C), 28.05 (s, C-CH2-C), 27.94 (s, C-CH2-C), 27.92 (s, C-CH2-C),
27.86 (s, C-CH2-C), 23.09 (s, C-CH2-C), 14.52 (s, C-CH3). 19F NMR (376MHz): 6(CDC13) 
-121.7 (2F, bin, ArF).
Synthesis Of Do2(p-ClPh)TAC And <p-CIPh)2DoTAC
Toluene
+ 3 (H2CO)n------------------ ►  0.08 CIPhoDoTAC + 0.64 Do2ClPhTAC + 0.28
D 0 3 TAC + 3 H20
Cl
Do2(p-ClPh)TAC !H NMR (300MHz): 6(CDC13) 7.18 (2H, d, Jh.h=9Hz, Ar), 6.91 
(2H, d, Jh,h=9Hz, Ar), 4.08 (4H, s, N-CH2-N), 3.52 (2H, s, N-CH2-N), 2.42 (4H, t, 
Jh.h=6.6Hz, N-CH2), 1.45 (4H, m, C-CH2-C), 1.26 (36H, m, C-CH2-C), 0.89 (6H, t, 
Jh,h=6.3Hz, C-CH3). NMR (75.5MHz): 5(CDC13) 149.24 (s, ArN), 129.37 (s, Ar),
125.04 (s, ArCl), 118.61 (s, Ar), 74.73 (s, N-CH2-N), 71.48 (s, N-CH2-N), 52.78 (s, N-CH2- 
C), 32.33 (s, C-CH2-C), 30.08 (s, C-CH2-C), 29.98 (s, C-CH2-C), 29.90 (s, C-CH2-C),
29.77 (s, C-CH2-C), 28.04 (s, C-CH2-C), 27.94 (s, C-CH2-C), 27.88 (s, C-CH2-C), 27.83 (s, 
C-CH2-C), 23.09 (s, C-CH2-C), 14.52 (s, C-CH3).
(p-ClPh)2DoTAC *H NMR (300MHz): 6(CDC13) 7.18 (4H, d, Jh,h=9Hz, Ar), 6.91 
(4H, d, Jh,h=6.6Hz, Ar), 4.71 (2H, s, N-CH2-N), 4.25 (4H, s, N-CH2-N), 2.37 (2H, t, 
Jh.h=3.6Hz, N-CH2), 1.45 (2H, m, C-CH2-C), 1.26 (18H, m, C-CH2-C), 0.89 (3H, t, 
Jh,h=6.3Hz, C-CH3). 13C{!H} NMR (75.5MHz): 5(CDC13) 149.24 (s, ArN), 129.52 (s, Ar), 
125.67 (s, ArCl), 119.14 (s, Ar), 71.48 (s, N-CH2-N), 66.10 (s, N-CH2-N), 52.78 (s, N-CH2-
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C), 32.33 (s, C-CH2-C), 30.08 (s, C-CH2-C), 29.98 (s, C-CH2-C), 29.90 (s, C-CH2 -C),
29.77 (s, C-CH2-C), 28.04 (s, C-CH2-C), 27.94 (s, C-CH2-C), 27.88 (s, C-CH2-C), 27.83 (s,
C-CH2-C), 23.09 (s, C-CH2-C), 14.52 (s, C-CH3).
Synthesis Of Do2|/>-(F3 C)Ph]TAC And ^-(F3C)Ph]2DoTAC
NH,
2 DoNH2  +
Toluene
+ 3 (H2CO)n------------------►  0.09 F3CPh2DoTAC +0.84 Do2F3CPhTAC + 0.06
D o3TAC + 3 H20
CFa
Do2[/?-(F3C)Ph]TAC NMR (300MHz): 5(CDC13) 7.47 (2H, d, Jh,h=6.6Hz, Ar),
6.69 (2H, d, Jh,h=6.6Hz, Ar), 4.20 (4H, s, N-CH2-N), 3.56 (2H, s, N-CH2-N), 2.43 (4H, t, 
Jh,h=5.4Hz, N-CH2), 1.48 (4H, m, C-CHr C), 1.23 (36H, m, C-CH2-C), 0.91 (6H, t, 
Jh,h=4.8Hz, C-CH3). ^C^H } NMR (75.5MHz): 8(CDC13) 152.44 (s, ArN), 128.06 (s, Ar),
120.40 (q, Jc,f=30H z, ArCF3), 115.40 (s, Ar), 74.42 (s, N-CH2-N), 70.08 (s, N-CH2-N), 
52.31 (s, N-CH2-C), 29.78 (s, C-CH2-C), 29.75 (s, C-CH2-C), 29.66 (s, C-CH2-C), 29.59 (s, 
C-CH2-C), 29.47 (s, C-CH2-C), 27.72 (s, C-CH2-C), 27.66 (s, C-CH2-C), 27.61 (s, C-CH2- 
C), 27.53 (s, C-CH2-C), 22.82 (s, C-CH2-C), 14.26 (s, C-CH3). 19F NMR (376MHz): 
8(CDC13) -61.7 (IF, s, ArF).
[/?-(F3C)Ph]2DoTAC NMR (300MHz): 8(CDC13) 7.47 (4H, d, Jh>h= 6 .6 H z, Ar),
6.69 (4H, d, Jh,h=6.6Hz, Ar), 4.92 (2H, s, N-CH2-N), 4.40 (4H, s, N-CH2-N), 2.55 (2H, t, 
Jh,h=7.2Hz, N-CH2), 1.46 (2H, m, C-CH2-C), 1.23 (18H, m, C-CH2-C), 0.89 (3H, t, 
Jh,h=4.8Hz, C-CH3). ^C^H } NMR (75.5MHz): 8(CDC13) 152.44 (s, ArN), 128.87 (s, Ar),
120.40 (q, Jc,f^ 30Hz, ArCF3), 116.03 (s, Ar), 70.37 (s, N-CH2-N), 66.81 (s, N-CH2-N),
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51.96 (s, N-CH2-C), 29.78 (s, C-CH2-C), 29.75 (s, C-CH2-C), 29.66 (s, C-CH2-C), 29.59 (s, 
C-CH2-C), 29.47 (s, C-CH2-C), 27.72 (s, C-CH2-C), 27.66 (s, C-CH2-C), 27.61 (s, C-CH2- 
C), 27.53 (s, C-CH2-C), 22.82 (s, C-CH2-C), 14.26 (s, C-CH3). 19F NMR (376MHz): 
6(CDC13) -62.0 (2F, s, ArF).
Synthesis Of Do2(FsPh)TAC And (FsPh)2DoTAC
NH;
F
Toluene ° ' 0 7  (F5Ph)2DoTAC + 0.92 Do2F5PhTAC 
-------------- ►  + 0.01 Do3TAC + 3 H20
Do2(F5Ph)TAC NMR (300MHz): 5(CDC13) 4.08 (4H, s, N-CH2-N), 3.62 (2H, s, 
N-CH2-N), 2.63 (4H, t, Jh,h=7.5Hz, N-CH2), 1.45 (4H, m, C-CH2-C), 1.26 (36H, m, C- 
CH2-C), 0.88 (6H, t, Jh,h=6.3Hz, C-CH3). ^C ^H ) NMR (75.5MHz): 5(CDC13) 128.56 (s, 
ArN), 73.48 (s, N-CH2-N), 72.25 (s, N-CH2-N), 52.47 (s, N-CH2-C), 32.31 (s, C-CH2-C),
30.07 (s, C-CH2-C), 30.04 (s, C-CH2-C), 30.02 (s, C-CH2-C), 29.96 (s, C-CH2-C), 29.91 (s, 
C-CH2-C), 29.75 (s, C-CH2-C), 28.17 (s, C-CH2-C), 27.78 (s, C-CH2-C), 21.78 (s, C-CH2- 
C),14.46 (s, C-CH3).
(F5Ph)2DoTAC JH NMR (300MHz): 6(CDC13) 4.69 (2H, s, N-CH2-N), 4.40 (4H, s, 
N-CH2-N), 2.40 (2H, t, Jh,h=7.2Hz, N-CH2), 1.45 (2H, m, C-CH2-C), 1.26 (18H, m, C- 
CH2-C), 0.88 (3H, t, JHjh=4.8H z, C-CH3). NMR (75.5MHz): 8(CDC13) 129.37 (s,
ArN), 72.25 (s, N-CH2-N), 68.90 (s, N-CH2-N), 52.47 (s, N-CH2-C), 32.31 (s, C-CH2-C),
30.07 (s, C-CH2-C), 30.04 (s, C-CH2-C), 30.02 (s, C-CH2-C), 29.96 (s, C-CH2-C), 29.91 (s,
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C-CH2-C), 29.75 (s, C-CH2-C), 28.17 (s, C-CH2-C), 27.78 (s, C-CH2-C), 21.78 (s, C-CH2-
C), 14.46 (s, C-CH3).
Synthesis Of (2-EtBu)2PhTAC And Ph2(2-EtBu)TAC
NHo
2 EtBuNH2  + + 3 (H2CO)n
Toluene ^0.22 Ph2EtBuTAC + 0.53 EtBu2PhTAC + 0.24r mxHJ?  1 -i
EtBu3TAC + 3 H20
(2-EtBu)2PhTAC NMR (300MHz): 5(CDC13) 6.8-7.2 (5H, m, Ar), 4.03 (4H, s,
N-CH2-N), 3.42 (2H, s, N-CH2-N), 2.23 (4H, d, JHih=5.4H z, N-CH2), 1.25 (10H, m, C-CH- 
[CH2]2-C), 0.75 (12H, t, Jh,h=7.2Hz, C-CH3). 13C{!H} NMR (75.5MHz): 8(CDC13) 150.75 
(s, ArN), 129.83 (s, Ar), 120.05 (s, Ar), 117.31 (s, Ar), 75.78 (s, N-CH2-N), 74.95 (s, N- 
CH2-N), 56.17 (s, N-CH2-C), 39.08 (s, C-CH-[C]2), 24.39 (s, C-CH2-C), 11.22 (s, C-CH3).
Ph2(2-EtBu)TAC NMR (300MHz): 6(CDC13) 6.8-7.2 (10H, m, Ar), 4.70 (2H, s, 
N-CH2-N), 4.22 (4H, s, N-CH2-N), 2.40 (2H, d, Jh>h=6.1H z, N-CH2), 1.32 (5H, m, C-CH- 
[CH2]2-C), 0.69 (6H, t, Jh,h=7.2Hz, C-CH3). ^C^H } NMR (75.5MHz): 8(CDC13) 149.98 
(s, ArN), 129.45 (s, Ar), 120.85 (s, Ar), 117.74 (s, Ar), 72.13 (s, N-CH2-N), 68.87 (s, N- 
CH2-N), 55.92 (s, N-CH2-C), 39.20 (s, C-CH-[C]2), 24.29 (s, C-CH2-C), 11.16 (s, C-CH3).
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Synthesis Of (2-EtBu)2(p-BrPh)TAC And <p-BrPh)2(2-EtBu)TAC 13
NHo
2 EtBuNH2  + + 3 (H2CO)n
Toluene ° * 1 9  BrPhoEtBuTAC + 0.65 EtBu2BrPhTAC 
_________ + 0.11 EtBu3TAC + 3 H20
Br
(2-EtBu)2(p-BrPh)TAC *H NMR (300MHz): 8(CDC13) 7.18 (2H, d, Jh,h=9.0Hz, 
Ar), 6.91 (2H, d, Jh,h=9.0Hz, Ar), 4.01 (4H, s, N-CH2-N), 3.41 (2H, s, N-CH2-N), 2.20 
(4H, d, Jh.h=5.1Hz, N-CH2), 1.23 (10H, m, C-CH-[CH2]2-C), 0.75 (12H, t, Jh,h=7.2Hz, C- 
CH3). 13C{1H} NMR (75.5MHz): 5(CDC13) 149.99 (s, ArN), 132.22 (s, Ar), 118.96 (s, Ar), 
112.10 (s, ArBr), 74.81 (s, N-CH2-N), 71.99 (s, N-CH2-N), 56.13 (s, N-CH2-C), 39.04 (s, 
C-CH-[C]2), 24.36 (s, C-CH2-C), 11.19 (s, CH3).
(p-BrPh)2(2-EtBu)TAC *H NMR (300MHz): 5(CDC13) 7.19 (2H, d, Jh,h=9.0Hz, 
Ar), 6.91 (2H, d, Jh,h=9.0Hz, Ar), 4.64 (2H, s, N-CH2-N), 4.15 (4H, s, N-CH2-N), 2.32 
(2H, d, JHih=5.7H z, N-CH2), 1.23 (5H, m, C-CH-[CH2]2-C), 0.72 (6H, t, Jh.h=3.6Hz, C- 
CH3). ^C^H} NMR (75.5MHz): 5(CDC13) 148.88 (s, ArN), 132.43 (s, Ar), 119.50 (s, Ar), 
113.33 (s, ArBr), 71.99 (s, N-CH2-N), 68.64 (s, N-CH2-N), 55.95 (s, N-CH2-C), 39.04 (s, 
C-CH-[C]2), 24.30 (s, C-CH2-C), 11.19 (s, CH3).
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Synthesis Of (2-EtBu)2(p-FPh)TAC And (p-FPh)2(2-EtBu)TAC 11
NH;
F
Tni,,pnp 0.25 FPh2EtBuTAC + 0.5 EtBu2FPhTAC + 
Toluene ^  0 >2 5  EtBu3TAC + 3 H20
(2-EtBu)2(p-FPh)TAC *H NMR (400MHz): 5(CDC13) 7.21 (2H, dd, Jh,h=9.6Hz, 
Jh,f=18Hz, At), 6.94 (2H, d, Jh,h=9.6Hz, Ar), 4.07 (4H, s, N-CH2-N), 3.51 (2H, s, N-CH2- 
N), 2.32 (4H, d, Jh,h=3.9Hz, N-CH2), 1.34 (10H, m, C-CH-[CH2]2-C), 0.86 (12H, t, 
Jh,h=5.4Hz, C-CH3). 13C{!H} NMR (100MHz): 5(CDC13) 147.10 (s, ArN), 128.90 (s, Ar), 
119.58 (s, Ar), 115.74 (d, JCif= 9H z, ArF), 74.71 (s, N-CH2-N), 72.83 (s, N-CH2-N), 56.18 
(s, N-CH2-C), 39.04 (s, C-CH-[C]2), 24.40 (s, C-CH2-C), 11.26 (s, CH3). 19F NMR 
(376MHz): 5(CDC13) -124.9 (IF, bm, ArF).
(p-FPh)2(2-EtBu)TAC JH NMR (400MHz): 5(CDC13) 7.21 (4H, dd, Jh>h=9.6H z, 
Jh,f=18H z, Ar), 6.94 (4H, d, Jh,h=9.6Hz, Ar), 4.68 (2H, s, N-CH2-N), 4.20 (4H, s, N-CH2- 
N), 2.45 (2H, d, Jh,h=3.9Hz, N-CH2), 1.36 (5H, m, C-CH-[CH2]2-C), 0.83 (6H, t, 
Jh,h=5.4Hz, C-CH3). ^C^H} NMR (100MHz): 6(CDC13) 146.07 (s, ArN), 128.90 (s, Ar), 
119.65 (s, Ar), 115.91 (d, Jc>f=9H z, ArF), 72.76 (s, N-CH2-N), 70.55 (s, N-CH2-N), 56.07 
(s, N-CH2-C), 39.11 (s, C-CH-[C]2), 24.36 (s, C-CH2-C), 11.22 (s, CH3). 19F NMR 
(376MHz): 5(CDC13) -123.5 (IF, bm, ArF).
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Synthesis Of (2-EtBu)2(p-ClPh)TAC And (p-ClPh)2(2-EtBu)TAC 12
N H ,
2 EtBuNH2  +
T o l u e n e  0 1 7  ClPh2EtBuTAC +0.6 EtBu2ClPhTAC
+ 3 (H2CO)n ------------------ ►
2 n + 0.23 EtBu3TAC + 3 H20
Cl
(2-EtBu)2(p-ClPh)TAC *H NMR (300MHz): 5(CDC13) 7.18 (2H, d, Jh>h=9.0H z, 
At), 6.91 (2H, d, JH)h=9.0H z, Ar), 4.09 (4H, s, N-CH2-N), 3.50 (2H, s, N-CH2-N), 2.28 
(4H, d, Jh>h=4.8H z, N-CH2), 1.33 (10H, m, C-CH-[CH2]2-C), 0.84 (12H, t, Jh,h=6.9Hz, C- 
CH3). 13C{jH} NMR (75.5MHz): 5(CDC13) 149.56 (s, ArN), 129.31 (s, Ar), 124.81 (s, 
ArCl), 115.07 (s, Ar), 74.81 (s, N-CH2-N), 72.12 (s, N-CH2-N), 56.14 (s, N-CH2-C), 39.04 
(s, C-CH-[C]2), 24.37 (s, C-CH2-C), 11.20 (s, CH3).
(p-ClPh)2(2-EtBu)TAC !H NMR (300MHz): 8(CDC13) 7.19 (2H, d, Jh.h=9.0Hz, 
Ar), 6.91 (2H, d, Jh,h=9.0Hz, Ar), 4.72 (2H, s, N-CH2-N), 4.23 (4H, s, N-CH2-N), 2.48 
(2H, d, Jh,h=5.3Hz, N-CH2), 1.39 (5H, m, C-CH-[CH2]2-C), 0.89 (6H, t, JHih=6.9H z, C- 
CH3). 13C{1H} NMR (75.5MHz): 8(CDC13) 148.46 (s, ArN), 129.49 (s, Ar), 125.96 (s, 
ArCl), 119.15 (s, Ar), 72.12 (s, N-CH2-N), 69.03 (s, N-CH2-N), 55.97 (s, N-CH2-C), 39.04 
(s, C-CH-[C]2), 24.31 (s, C-CH2-C), 11.15 (s, CH3).
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Synthesis Of (2-EtBu)2|p-(F3C)Ph]TAC And [/?-(F3C)Ph]2(2-EtBu)TAC
NH,
2 EtBuNH2  +
Toluene ° - 2 7  F3CPh2EtBuTAC + 0.70 
+ 3 (H2 CO)n ------ 0  U ►  EtBu2F3CPhTAC + 0.04 EtBu3TAC + 3 H20
CF,
(2-EtBu)2[(p-F3C)Ph]TAC *H NMR (300MHz): 5(CDC13) 7.50 (2H, d, Jh,h=8.7Hz, 
Ar), 7.01 (2H, d, JHfl=8.7Hz, Ar), 4.21 (4H, s, N-CH2-N), 3.55 (2H, s, N-CH2-N), 2.29 
(4H, d, Jh3=5.4H z, N-CH2), 1.34 (10H, m, C-CH-[CH2]2-C), 0.85 (12H, t, Jh,h=3.9H z, C- 
CH3). 13C{‘H) NMR (75.5MHz): 8(CDC13) 153.44 (s, AiC), 126.78 (s, ArN), 120.91 (q, 
Jc,f=30H z, C-CF3), 115.89 (s, Ar), 115.89 (s, Ar), 75.08 (s, N-CH2-N), 71.07 (s, N-CH2- 
N), 55.99 (s, N-CH2-C), 38.98 (s, C-CH-[C]2), 24.30 (s, C-CH2-C), 11.14 (s, CH3). 19F 
NMR (376MHz): 5(CDC13) -61.80 (IF, s, C-CF3).
[(p-F3C)Ph]2(2-EtBu)TAC ‘H NMR (300MHz): 5(CDC13) 7.50 (2H, d, Jh,h=8.7Hz, 
Ar), 7.01 (2H, d, Jh.h=8.7Hz, Ar), 4.93 (2H, s, N-CH2-N), 4.39 (4H, s, N-CH2-N), 2.43 
(2H, d, Jh.h=6.0H z, N-CH2), 1.34 (5H, m, C-CH-[CH2]2-C), 0.81 (6H, t, Jh,h=7.2H z, C- 
CH3). NMR (75.5MHz): 8(CDC13) 152.23 (s, ArC), 126.97 (s, ArN), 121.83 (q,
Jc,p=30Hz, C-CF3), 116.56 (s, Ar), 116.56 (s, Ar), 71.20 (s, N-CH2-N), 67.20 (s, N-CH2-N),
55.79 (s, N-CH2-C), 39.09 (s, C-CH-[C]2), 24.30 (s, C-CH2-C), 11.07 (s, CH3). 19F NMR 
(376MHz): 8(CDC13) -62.21 (IF, s, C-CF3).
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Synthesis Of (2-EtBu)2(F5Ph)TAC And (F5Ph)2(2-EtBu)TAC
2 EtBuNH2  +
Toluene 0  0 5  (F5Ph)2EtBuTAC +0.68 
+ 3 (H2CO)n ----------------- ►  EtBu2F5PhTAC + 0.27 EtBu3TAC + 3 H20
(2-EtBu)2(F5Ph)TAC *H NMR (300MHz): 8(CDC13) 4.07 (4H, s, N-CH2-N), 3.58 
(2H, s, N-CH2-N), 2.48 (4H, d, Jh,h=5.4Hz, N-CH2), 1.34 (10H, m, C-CH-[CH2]2-C), 0.86 
(12H, t, JH(h=5.4H z, C-CH3). 13C{1H} NMR (75.5MHz): 8(CDC13) 129.40 (s, ArN), 73.89 
(s, N-CH2-N), 72.81 (s, N-CH2-N), 55.71 (s, N-CH2-C), 39.17 (s, C-CH-[C]2), 24.29 (s, C- 
CH2-C), 11.13 (s, CH3).
(F5Ph)2(2-EtBu)TAC NMR (300MHz): 5(CDC13) 4.68 (2H, s, N-CH2-N), 4.38 
(4H, s, N-CH2-N), 2.28 (2H, d, Jh>h=5.1H z, N-CH2), 1.38 (5H, m, C-CH-[CH2]2-C), 0.84 
(6H, t, Jh,h=5.4Hz, C-CH3). 13C{!H} NMR (75.5MHz): 5(CDC13) 128.59 (s, ArN), 72.81 
(s, N-CH2-N), 71.20 (s, N-CH2-N), 55.71 (s, N-CH2-C), 39.17 (s, C-CH-[C]2), 24.29 (s, C- 
CH2-C), 11.13 (s, CH3).
Synthesis Of (4-PhBu)2(p-FPh)TAC And (p-FPh)2(4-PhBu)TAC
NH;
F
+ 3 (H 2 CO)n
0.2 FPh2PhBuTAC + 0.6 PhBu2FPhTAC Toluene ^  + Q 2  Ph^ U3XAC + 3  H2o
183
Chapter Six
(4-PhBu)2(p-FPh)TAC 'H NMR (300MHz): 8(CDC13) 6.7-7.2 (14H, m, Ar), 3.88 
(4H, s, N-CH2-N), 3.35 (2H, s, N-CH2-N), 2.48 (4H, t, Jh,h=7.2H z, C-CH2-Ph), 2.32 (4H, t, 
JHfl=6 .6 Hz, C-CH2-N), 1.48 (4H, m, C-CH2-C), 1.36 (4H, m, C-CH2-C). i3C { ‘H ) NMR 
(75.5MHz): 8(CDC13) 119-147 (m, Ar), 74.73 (s, N-CH2-N), 72.26 (s, N-CH2-N), 52.62 (s, 
N-CH2-C), 36.15 (s, C-CH2-C), 29.64 (s, C-CH2-C), 27.51 (s, C-CH2-C). 19F NMR 
(376MHz): 8(CDC13) -123.1 (IF, bm, ArF).
(p-FPh)2(4-PhBu)TAC 'H NMR (300MHz): 5(CDC13) 6.7-7.2 (13H, m, Ar), 4.51 
(2H, s, N-CH2-N), 4.04 (4H, s, N-CH2-N), 2.45 (2H, t, Jh,h=3.9H z, C-CH2-Ph), 2.29 (2H, t, 
Jh.h=8.1H z, C-CH2-N), 1.54 (2H, m, C-CH2-C), 1.36 (2H, t, C-CH2-C). ‘^ { ‘H} NMR 
(75.5MHz): 8(CDC13) 119-147 (m, Ar), 72.38 (s, N-CH2-N), 70.50 (s, N-CH2-N), 52.60 (s, 
N-CH2-C), 36.15 (s, C-CH2-C), 29.51 (s, C-CH2-C), 27.51 (s, C-CH2-C). 19F NMR 
(376MHz): 8(CDC13) -122.3 (IF, bm, ArF).
6.4: Triazacyclohexane Chromium Trichloride Complexes 
Synthesis Of (2-EtBu)3TACCrCI316
BuEt
BuEt f ~I __________________________________ EtBu^^/____—-N
EtBu  /  + CrCl3 (THF) 3   THF ►  + 3THF
N cr  I ^ci
ci
Chromium trichloride-tris-THF (1.103g) was added to (2 -EtBu)3TAC (lg) in a 
Schlenk tube under argon. THF (30ml) was added and the solution stirred for 12 hours. The 
purple precipitate (2 -EtBu)3TACCrCl3 was filtered, then dried under vacuum in a 40 °C 
water bath (1,2g, 78 %). 'H  NMR (400MHz): 8 (CDCl3/DMSO) 1.67 (3H, bs, C-CH-[C]2),
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1.30 (12H, bs, C-CH2-C), 0.91 (18H, bs, C-CH3). I3C{‘H} NMR (100MHz): 
6 (CDCl3/DMSO) 39.22 (bs, C-CH2-C), 12.98 (bs, C-CH3). Anal. Calc, for C2iH45Cl3CrN3 
(497.96): C, 50.7; H, 9.11; N, 8.44%. Found: C, 50.1; H, 9.03; N, 8.21%. m.p > 250 °C.




Chromium trichloride-tris-THF (1. g) was added to (2 -PhEt>3TAC (1.175g) in a 
Schlenk tube under argon. DCM (30ml) was added and the solution stirred for 12 hours. 
After this time the purple solution was layered with hexane, on standing for 24 hours purple 
crystals of (2 -PhEt)3TACCrCl3 formed (0.613g, 41 %). Anal. Calc, for C27H33Cl3CrN3 




+ C rC l3
/  —■— /  ^»Sen
Toluene
Zn
To a solution of (Sen)3TAC (5.42g) in toluene (50ml) in a round-bottomed flask 
was added chromium trichloride (2.29g) and zinc powder (2 spatulas). The solution was 
stirred under gentle heat (50 °C) until a purple solution was formed. The purple solution 
was decanted into another round-bottomed flask to remove the zinc powder. The remaining
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toluene was removed under vacuum to result in a purple solid of (Sen)3TACCrCl3 (5.55g, 
72 %). Anal. Calc, for Ci8H2iCl3CrN3 (533.94): C, 40.5; H, 3.96; N, 7.87%. Found: C, 
40.2; H, 3.85; N, 7.77%. Tdec 241 °C.
Synthesis Of d6-Do3TACCrCJ3 20
D D
Do
Toluene , D o    ^ Do
Do
Do Do
Chromium trichloride-tris-THF (0.45 g) was added to d6-Do3TAC (0.8g) in a 
Schlenk tube under argon. Toluene (30ml) was added and the solution stirred for 12 hours. 
The purple precipitate d6-Do3TACCrCl3 was filtered, then dried under vacuum in a 40 °C 
water bath (0.87g, 86 %). I3C{‘H) NMR (100MHz): 8(CDC13) 53.8 (bs, C-CH2-C), 30.9 
(bs, C-CH2-C), 29.9 (bs, C-CH2-C), 29.1 (bs, C-CH2-C), 28.8 (bs, C-CH2-C), 28.4 (bs, C- 
CH2-C), 21.7 (bs, C-CH2-C), 13.2 (bs, C-CH3), -43 (bs, C-CH2-C). 2H NMR (61.4MHz): 
5(CDC13) 41.8 (3D, bs, N-CDab-N), -5.7 (3D, bs, N-CDb,a-N). Anal. Calc, for 
C39H75D6Cl3CrN3 (756.53): C, 61.90; H, 10.78; N, 5.55%. Found: C, 59.5; H, 10.6; N, 
5.06%. Tdec 194 °C. xdu = -0.765, Heff (Toluene) = 3.773 nB.
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Allyl + CrCl3(THF)3 THF
A lly l
c = t i
x p .
c r  | ci 
ci
.A l ly l
+ 3THF
Chromium trichloride-tris-THF (0.2g) was added to AUyl3TAC (0.224g) in a 
Schlenk tube under argon. THF (30ml) was added and the solution stirred until all solids 
had dissolved. The resultant solution was left to stand for 24h. The purple crystals of 
Allyl3TACCrCl3 that formed were dried under vacuum in a 40 °C water bath (0.21g, 72 %). 
^C^H } NMR (100MHz): 5(CDCl3\MeN02) 137.90 (bs, C-CH=C), 94.50 (bs, C=CH2). 
Anal. Calc, for Ci2H2iCl3CrN3 (365.68): C, 39.4; H, 5.79; N, 11.49%. Found: C, 39.67; H, 
5.84; N, 11.03%. m.p > 250 °C.
Synthesis Of (p-FBz)3TACCrCl3 195
p-FBz-
p-FBz
/^ ■ N ^ 7
/ ____ ^  / _-p-FBz
THF
+ 3 THF
Chromium trichloride-tris-THF (0.2g) was added to (p-Bz)3TAC ( 0.22g) in a 
Schlenk tube under argon. THF (20ml) was added and the solution stirred for 12 hours. The 
purple precipitate (p-FBz)3TACCrCl3 was filtered, then dried under vacuum in a 40 °C
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water bath (0.22g, 72 %). Anal. Calc, for C24H24Cl3CrF3N3 (569.83): C, 50.59; H, 4.25; N, 
7.37%. Found: C, 51.0; H, 4.77; N, 6.69%. m.p > 250 °C.
Synthesis Of [(EtO)3SiPr]3TACCrCl3 18
y>rSi(OEt)3
„ A / '/N /^ P rS i(O E t)3
y>rSi(OEt)3 (EtO)3S i P r ^ N/ ^ - ^ N/^  73
(EtO)aSiPr^ + O C 1 ’ (THF)3 E ,;°  »  C > N  + 3 ™ F
N Cl
Chromium trichloride-tris-THF (0.876g) was added to ([EtObSiPr^TAC (1.637g) 
in a Schlenk tube under argon. Diethyl ether (30ml) was added and the solution stirred for 
12 hours. The solvent was pumped off under vacuum and the resultant purple solid of 
([EtO]3SiPr)3TACCrCl3 was washed with hexane then dried under vacuum in a 40 °C water 
bath (1.63g, 81 %). *H NMR (400MHz): 5(C6D6) 3.83 (18H, bs, 0-CH2-C), 1.28 (27H, bs, 
C-CH3). 13C{!H} NMR (100MHz): 8(C6D6) 62.18 (bs, 0-CH2-C), 21.60 (bs, C-CH3). Tdec 
178 °C.
Synthesis Of (2-EtHex)3TACCrCl3 17
Toluene m --7





c r  | ci
Cl
(+/-)-2-Ethylhexylamine (3g) was dissolved in 30ml of toluene in a round-bottomed 
flask. Paraformaldehyde (0.718g) was added to the solution and stirred until all had gone 
into solution. This was followed by distillation of half the toluene with the water produced 
in the reaction. Chromium (EH) chloride (1.472g) was added to the solution with zinc
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powder (2 spatulas). The solution was stirred under gentle heat (50 °C) until a purple 
solution was formed. The purple solution was decanted into another round-bottomed flask 
to remove the zinc powder. The remaining toluene was removed under vacuum to result in 
a purple solid of (2-EtHex)3TACCrCl3 (2.93g, 65 %). ^C^H} NMR (100MHz): 5(CDC13) 
46.15 (bs, C-CH2-C), 42.14 (bs, C-CH2-C), 29.39 (bs, C-CH2-C), 21.86 (bs, C-CH2-C), 
14.45 (bs, C-CH3), 12.02 (bs, C-CH3), -49.56 (bs, C-CHi-[C]2). Anal. Calc, for 
C27H57Cl3CrN3 (582.11): C, 55.7; H, 9.87; N, 7.22%. Found: C, 57.1; H, 9.80; N, 6.01%. 
(2-EtHex)3TACCrCl30.4toluene: C, 57.8; H 9.80; N, 6.79. Tdec 219 °C. xdia = -0.742, peff 
(Toluene) = 3.751 |ib-
Synthesis Of (4-PhBu)3TACCrCl3
^BuPh
Toluene PhBu-^MyC ^ ! l^ B u P h  0 u  ^
3 NH2BuPh + 3 (H2CO)n + CrCl3 — - - ► x Cr +
C l^  | ^Cl 
Cl
4-Phenyl-1-butylamine (3g) was dissolved in 30ml of toluene in a round-bottomed 
flask. Paraformaldehyde (0.604g) was added to the solution and stirred until all had gone 
into solution. This was followed by distillation of half the toluene with the water produced 
in the reaction. Chromium (HI) chloride (1.3g) was added to the solution with zinc powder 
(2 spatulas). The solution was stirred under gentle heat (50 °C) until a purple solution was 
formed. The purple solution was decanted into another round-bottomed flask to remove the 
zinc powder. The remaining toluene was removed under vacuum to result in a purple solid 
of (4-PhBu)3TACCrCl3 (2.90g, 68 %). ^C ^H ) NMR (100MHz): 5(CDC13) 141.23 (bs, 
ArN), 128.00 (bs, Ar), 125.46 (bs, Ar), 54.52 (bs, C-CH2-C), 29.02 (bs, C-CH2-C). Anal.
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Calc, for C33H45Cl3CrN3 (642.03): C, 61.7; H, 7.06; N, 6.54%. Found: C, 59.1; H, 6.80; N,
6.16%. Tdec 180 °C.
Synthesis Of (2-EtHex)3TACCr(OTf)3 26
EtHex EtHex
A n - 7
/ /
EtHex EtHex Triflic Acid ^  EtHex EtHex
-3  HC1
Cl TfO
Into a round-bottomed flask with (2-EtHex)3TACCrCl3 (0.5g) was distilled an 
excess of triflic acid (10ml) under reduced pressure. Upon solvation of the chromium 
complex an immediate colour change was observed from a purple solid to a blue/green 
solution. After stirring at room temperature for 10 minutes the excess triflic acid was 
distilled off. The resulting chromium triflate complex was washed thrice with diethyl ether, 
to remove any unreacted triflic acid, to produce a blue/green solid of the (2 - 
EtHex)3TACCr(OTf) 3 complex that was dried under reduced pressure (0.63g, 80%). 
^C^H } NMR (100MHz): 5(CDCl3/SOCl2) 28.09 (bs, C-CH2-C), 22.40 (bs, C-CH2-C), 
14.52 (bs, C-CH3), 10.03 (bs, C-CH3). 19F NMR (376MHz): 5(CDCl3/SOCl2) -77.55 (9F, 
bs, S-CF3). Anal. Calc, for C3oH57CrF9N30 9 S3 (922.97): C, 39.04; H, 6.22; N, 4.55%. 









c r  - 3 HC1
^ C !
Cl TfO
Into a round-bottomed flask with Do3TACCrCl3 (0.35g) was distilled an excess of
triflic acid (10ml) under reduced pressure. Upon solvation of the chromium complex an
immediate colour change was observed from a purple solid to a blue/green solution. After
stirring at room temperature for 10 minutes the excess triflic acid was distilled off. The
resulting chromium triflate complex was washed thrice with diethyl ether, to remove any
unreacted triflic acid, to produce a sticky blue/green solid of the Do3TACCr(OTf) 3
complex. On repeated washing and drying under reduced pressure the solid remained sticky
(0.39g, 76%). 13C{‘H) NMR (100MHz): 5(C6D6) 42.76 (bs, C-OO^CHrC), 3.35 (bs, C-
(4th)CH2-C), 28.8 (bs, C-(5 'h-9 “')CH2-C), 24.16 (bs, C-Ol^CHz-C), 15.40 (bs, C-
(12,h)CH3), -43 (bs, C-(2nd)CH2-C). 19FNMR (376MHz): 8 (C6D6) -77.74 (9F, bs, S-CF3).
Anal. Calc, for CiiHsiCrFsNjOjSj (1091.29): C, 46.23; H, 7.48; N, 3.85%. Found: C, 35.7;
H, 6.43; N, 3.32%. Do3TACCr(OTf)3.TfOH.H20: C, 41.04; H, 6.65; N, 3.34%.
Synthesis Of Do2 (Ph)TACCrCI3 21
0-2D°3TAC Do«^ ^  / ^ P h  0.2 Do3TACCrCl3
So + CrCl3THF3 DCM> > ^  -N +0.2 DoPh2TACCrCl3+ 0.2 DoPh2TAC "  ^ j
191
Chapter Six
To a mixture of D03TAC, D0 2PI1TAC, and D0 PI12TAC (1.253g) in DCM (50ml), in 
a Schlenk tube under a nitrogen atmosphere, was added chromium trichloride-tris-THF 
(0.938g). The mixture was stirred for 12 hours followed by filtration to remove any 
unreacted chromium trichloride-tris-THF. The solution was passed through a 25 mm dia. 
column of silica gel approximately 300mm long. Two fractions were recovered from the 
column, the first of Do3TACCrCl3, and the second of Do2PhTACCrCl3. The 
DoPh2TACCrCl3 fraction moved very slowly through the column and decomposed before 
collection. The solvent from the second fraction was removed under reduced pressure to 
give a purple solid of the Do2PhTACCrCl3 complex (0.69g, 42%). Anal. Calc, for 
C33H61CrCl3N3 (658.21): C, 60.2; H, 9.34; N, 6.39%. Found: C, 60.1; H, 8.99; N, 6.12%.
Synthesis Of (2-EtHex)2(p-FPh)TACCrCl3 23
EtHex
/C a ^ 7 _0.2 EtHex3TAC E t H e x 4 /  ^ F Ph n 9 FtHp-x TArTYO
0.6 c^ f<a + 0:2E,HeJph2TAC<k>3
Cl
To a mixture of (2-EtHex)3TAC, (2-EtHex)2(FPh)TAC, and (2-EtHex)(FPh)2TAC 
(2.6g) in DCM (50ml), in a Schlenk tube under a nitrogen atmosphere, was added 
chromium trichloride-tris-THF (2.39g). The mixture was stirred for 12 hours followed by 
filtration to remove any unreacted chromium trichloride-tris-THF. The solution was passed 
through a 25 mm dia. column of silica gel approximately 300mm long. Two fractions were 
recovered from the column, the first of (2-EtHex)3TACCrCl3, and the second of (2- 
EtHex)2(FPh)TACCrCl3. The (2 -EtHex)(FPh)2TACCrCl3 fraction moved very slowly 
through the column and decomposed before collection. The solvent from the second
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fraction was removed under reduced pressure to give a purple solid of the (2 - 
EtHex)2(FPh)TACCrCl3 complex (1.48g, 41%). 19F NMR (376MHz): 8 (C6D6) -115.00
To a mixture of D03TAC, Do2(p-F3CPh)TAC, and Do(/?-F3CPh)2TAC (1.533g) in 
DCM (50ml), in a Schlenk tube under a nitrogen atmosphere, was added chromium 
trichloride-tris-THF (1.012g). The mixture was stirred for 12 hours followed by filtration to 
remove any unreacted chromium trichloride-tris-THF. The solution was passed through a 
25 mm dia. column of silica gel approximately 300mm long. Two fractions were recovered 
from the column, the first of Do3TACCrCl3, and the second of Do2(p-F3CPh)TACCrCl3. 
The Do(p-F3CPh)2TACCrCl3 fraction moved very slowly through the column and 
decomposed before collection. The solvent from the second fraction was removed under 
reduced pressure to give a purple solid of the Do2(/?-F3CPh)TACCrCl3 complex (0.69g, 
35%). 19F NMR (376MHz): 8 (C6D6) -64.90 (3F, bs, Ph-CF3). Anal. Calc, for 
C34H60C1CI3F3N3 (726.22): C, 56.23; H, 8.32; N, 5.79%. Found: C, 56.9; H, 8.53; N, 
5.65%. Tdec 131 °C.
(IF, bs, ArF). Anal. Calc, for C25H44CrCl3FN3 (564.00): C, 53.2; H, 7.86; N, 7.45%. Found:
C, 52.9; H, 7.68; N, 7.39%.
Synthesis Of Do2(p-F3CPh)TACCrCl3 22
Do
0.2 D 0 3 TAC 
+ 0.6 Do2 (p-F3CPh)TAC + CrCl3THF- 
+ 0.2 Do(p-F3CPh)2TAC







(2-EtBu)(p-FPh)2T AC + CrCl3THF3 DCM EtBu
Chromium trichloride-tris-THF (0.146g) was added to (2 -EtBu)(p-FPh)2TAC 
(0.14g) in a Schlenk tube under argon. DCM (15ml) was added and the solution stirred for 
12 hours. The purple precipitate (2-EtBu)(p-FPh)2TACCrCb was filtered, then dried under 
vacuum in a 40 °C water bath (0.16g, 77 %). 19F NMR (376MHz): 5(C6D6) -129.20 (2F, bs, 
ArF). Anal. Calc, for C2iH27Cl3CrF2N3 (517.82): C, 48.7; H, 5.26; N, 8.11%. Found: C, 
46.2; H, 6.87; N, 7.60%. (2-EtBu)(p-FPh)2TACCrCl3 2H20: C, 45.5; H, 5.64; N, 7.59%. 
Tdec 148 °C.
NMR Tube Synthesis Of [R3TACCrCl3 (PhMe2NH)]B(C6F5 ) 4
R C ^ 7 R
CK I Cl Cl
+ PhMe2NHB(C6F5)4
R
R C ^ 7 rnc7 : n^ h






R3TA CQ O 3 (0.035mmol) was dissolved in a given solvent (1ml). 
PhMe2NHB(C6F5)4 (0.035mmol) was added to the solution and shaken until a 
homogeneous solution was achieved. The resultant species in solution was 
[R3TACCrCl3(PhMe2NH)]B(C6F5)4.
[(2 -EtHex)3TACCiCl3(PhMe2NH)]B(C6F5)4 3 3 :13C{'H( NMR (100MHz): 5(C6D6) 
44.55 (bs, C-CH2-C), 37.39 (bs, C-CH2-C), 29.86 (bs, C-CH2-C), 24.03 (bs, C-CH2-C), 
14.68 (bs, C-CH3), 12.49 (bs, C-CH3). 19F NMR (400MHz): 8 (C6D6) -131.65 (8 F, bs, o- 
ArF), -161.60 (4F, bs, p-ArF), -164.83 (8 F, bs, m-ArF). peff (Toluene) = 3.689 ps.
[Do3TACCrCl3(PhMe2NH)]B(C6F5)4 34: 19F NMR (400MHz): 8 (C6D6) -131.07 
(8 F, bs, <?-ArF), -161.74 (4F, bs, p-AiF), -164.90 (8 F, bs, m-ArF). p«ff (Benzene) = 3.729 
P b .
[(p-FBz)3TACCrCl3(PhMe2NH)]B(C6F5)4 35: 19F NMR (400MHz): 8(CDC13) -  
107.70 (3F, bs, p-FBz), -130.14 (8 F, bs, o-ArF), -160.01 (4F, bs, p-ArF), -163.76 (8 F, bs, 
m-ArF).
[Me3TACCrCl3(PhMe2NH)]B(C6F5)4 37: 19F NMR (400MHz): 5(Toluene) -131.83 
(8 F, bs, o-ArF), -164.68 (4F, bs, p-ArF), -168.60 (8 F, bs, m-ArF).
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[(2-EtHexMFPh)TACCra3(PhMe2NH)]B(C6F5)4 38: 19F NMR (400MHz): 5(C6D6) 
-114.34 (IF, bs, p-FPh), -131.37 (8F, bs, o-ArF), -161.03 (4F, bs, p-ArF), -164.28 (8F, bs, 
m-ArF).
Synthesis Of [(2 -EtBu)3TACCrCl3(PhMe2NH)]B(C6F5)4 32
BuEt
E tB u -^ K jC -^r^ -B uE t Toluene
v Cr + PhMe2NHB(C6F5)4 -------------►
Cl^ I ^Cl Cl
BuEt





(2-EtBu)3TACCrCl3 (O.lg) was dissolved in toluene (20ml). PhMe2NHB(C6Fs)4 
(0.161g) was added to the solution and stirred until a homogeneous solution was achieved. 
This solution was layered with hexane. Purple crystals of [(2-EtBu)3TACCrCl3(PhMe2NH)] 
B(C6F5)4 were formed (0.23g, 89 %). ‘H NMR (400MHz): SCQDe) 1.312 (12H, bs, C-CH2- 
C), 0.933 (18H, bs, C-CH3). 13C{'H) NMR (100MHz): 8(C6D6) 36.67 (bs, C-CH2-C), 
12.00 (bs, C-CH3). I9F NMR (376MHz): 8(C6D6) -132.91 (8F, bs, o-ArF), -162.47 (4F, bs, 
p-ArF), -165.93 (8F, bs, m-ArF). Anal. Calc, for CS3H57BCl3CrF2oN4 (1299.94): C, 49.0; H, 




P h E t -
E t P h
C = c t
•n< 5 > n
ci l \Cl
E t P h
+ PhMe2NHB(C6F5) 4 DCM.
Cl
E t P h
PhE,^ N < V > N ^ RPh
° " » 4i
Nv
/ ' P h
+
[B(C6F5)4]
(2-PhEt)3TACCrCl3 (O.lg) was dissolved in DCM (2 0 ml). PhMe2NHB(C6F5)4  
(0.144g) was added to the solution and stirred until a homogeneous solution was achieved. 
This solution was layered with hexane. Purple crystals of [(2 -PhEt)3TACCrCl3(PhMe2NH)l 
B(C6F5)4 were formed (0.20g, 82 %). 19F NMR (376MHz): 8 (C6D6) -130.48 (8 F, bs, o- 
ArF), -159.95 (4F, bs, p-ArF), -163.30 (8 F, bs, m-ArF). Anal. Calc, for CssRisBCbCrFioK, 
(1359.16): C, 52.14; H, 3.34; N, 4.12%. Found: C, 52.6; H, 3.37; N, 4.21%.
Synthesis Of [,Bu3TACCrCl3(PhMe2NH)]B(C6Fs)4 36
+
[B(C6F5)4]
To a suspension of *Bu3TACCrCl3 (O.lg) in toluene (20ml) was added 
PhMe2NHB(C6F5)4 (0.194g) and stirred until a homogeneous solution was achieved. The 
solvent was removed under reduced pressure to give a purple powder of 




(8 F, bs, o-ArF), -162.48 (4F, bs, p-ArF), -165.86 (8 F, bs, m-ArF). Anal. Calc, for 
C4 7H4 5BCl3CrF2oN4 (1215.03): C, 46.5; H, 3.73; N, 4.61%. Found: C, 46.5; H, 3.83; N, 
4.18%. m.p 115 °C.
6.5: Borates





To an aqueous solution of either the lithium borate salt (12mmol) or BrMgB(C6Fs)4 
(12mmol), prepared from literature procedures was added an aqueous solution of 
dimethylanilinium chloride (12mmol). On addition immidiate precipitation of a white solid 
occured. Filtration to give the crude product was followed by redissolving in toluene and 
removal of water by an azeotropic distillation. Any remaining solvents were removed under 
reduced pressure to give a white powder of Ph(Me)2NH[B(C6F5)4] (llmmol, 92%). *H 
NMR (300MHz): 5(CD2C12) 7.57 (1H, t, Jh,h=4.5H z, p-Ph), 7.56 (2H, d, Jh.h= 9H z, o-Ph), 
7.33 (2H, m, m-Ph), 3.28 (6 H, s, N-CH3). 19F NMR (376MHz): 5(CDC13) -133.19 (8 F, bs, 
o-ArF), -163.42 (4F, t, JF(f= 21H z, p-ArF), -167.42 (8 F, t, JF>I^ 16Hz, m-ArF). Anal. Calc, 




Synthesis Of DEAHB(C6F5)4 29
LiB(C6F5 )4 + ft ►  Ph(Et)2NH[B(C6F5)4]
To an aqueous solution of the lithium borate salt (12mmol) was added an aqueous 
solution of diethylanilinium chloride (12mmol). On addition immediate precipitation of a 
white solid occured. Filtration to give the crude product was followed by redissolving in 
toluene and removal of water by an azeotropic distillation. Any remaining solvents were 
removed under reduced pressure to give a white powder of Ph(Et)2NH[B(C6F5)4] (1 lmmol,
Jh,h=7.5Hz, C-CH3). 19F NMR (376MHz): 8(CDC13) -133.26 (8F, bs, o-ArF), -163.38 (4F, 
t, Jf,i^ 2 1 H z , p-ArF), -167.41 (8F, t, Jf,f=16H z, m-ArF). Anal. Calc, for C34H 16BF20N
To an aqueous solution of the lithium borate salt (3.583g) was added an aqueous 
solution of tetra-tt-butylammonium nitrate (1.308g). On addition precipitation of a white
91%). ‘H NMR (300MHz): 5(CD2C12) 7.59 (1H, t, Jh,h=45Hz, p-Ph), 7.57 (2H, d,
(829.28): C, 49.2; H, 1.9; N, 1.7%. Found: C, 48.8; H, 1.98; N, 1.70%. m.p 186 °C.
Synthesis Of [NBti4]B(C6F5)4 30
H O
LiB(C6F5)4 + [n-Bu4N]N03------- 2—►  [n-Bu4N][B(C6F5)4]
sohd occured. Filtration to give the crude product was followed by redissolving in toluene
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and removal of water by an azeotropic distillation. Any remaining solvents were removed 
under reduced pressure to give a white powder of W-BU4N [B(C6F5)4] (4.28g, 89%). *H 
NMR (400MHz): 6(CDC13) 2.75 (8 H, t, Jh,h=7.7H z, N-CH2-C), 1.27 (8 H, m, C-CH2-C),
1.08 (8 H, m, C-CH2-C), 0.71 (12H, t, Jh,h= 4.7H z, C-CH3). 19F NMR (376MHz): 6(CDC13) 
-132.35 (8 F, bm, o-ArF), -162.27 (4F, t, JFlF=19.6Hz, p-ArF), -166.19 (8 F, bm, m-ArF). 
Anal. Calc, for C4oH36BF2oN (921.50): C, 52.1; H, 3.9; N, 1.5%. Found: C, 52.2; H, 3.97; 
N, 1.54%. m.p 158 °C.
6.6: NMR Tube Reactions 
Ethylene Trimerisation
To a Youngs NMR tube was added R3TACCrCl3 (0.013mmol) and either toluene or 
C6D6 (1ml). The complex was activated by MAO (0.13mmol) or by the co-activation of 
DMAB (0.013mmol) followed by either Al!Bu3 or AlEt3 (0.039mmol). Upon activation the 
solution instantaneously undergoes a colour change from purple to green. The solution was 
degassed and the NMR tube filled with ethylene (1 bar). By !H NMR spectroscopy the 
major product formed was 1-hexene. NMR (400MHz): 6 (Toluene) 5.72 (1H, m, N- 
C=CH-C), 4.94 (2H, m, C=CH2), 1.92 (2H, m, C-CH2-C), 1.25 (4H, m, C-CH2-CH2-C),




R 3 T A C C 1 C I 3  
+ DMAB w _
►  Trimers
+  3 A I R 3
R 3 T A C C 1 C I 3  
100 M AO*' TrimerS
To a Youngs NMR tube was added R3TACCrCl3 (0.013mmol) and either toluene or 
C6D6 (1ml). The complex was activated by MAO (0.13mmol) or by the co-activation of 
DMAB (0.013mmol) followed by either AllBu3 or AlEt3 (0.039mmol). Upon activation the 
solution instantaneously undergoes a colour change from purple to green. To the solution 
was added either 1-hexene (2.3mmol) or allylbenzene (2.3mmol). By *H NMR 
spectroscopy the composition of the products were determined between trimers and 
isomerisation of the monomer. NMR (400MHz): 5(Toluene) 6.3-5.0 (olefinic protons),
2.1-0.7 (aliphatic protons).
All activations of R3TACCrCl3 complexes with the co-catalyst mixture of DMAB / 
A1R3 led to decomposition within 14 days, on addition of olefin this process was 
accelerated to 2 hours. In solution the complex R 3T A C A 1 R 2 [ B ( C 6 F 5 ) 4 ]  is produced (66 % ) ,  
and yellow crystals also form of the complex [(toluene)2Cr][B(C6Fs)4] (33 % ) .
R 3T ACA 1R 2 [ B (C6F5)4]: !H  N M R  (400M H z ) :  5(Toluene) 3.48 ( 3H ,  d, JH a,H b=8.9H z ,  
N - C H aH b - N ) ,  2.93 ( 3H ,  d, JH b,H a=8.9H z ,  N - C H bH a- N ) ,
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(toluene)2Cr[B(C6F5)4]: Anal. Calc, for C38Hi6BCrF2o (915.3): C, 49.9; H, 1.76; N, 
0%. Found: C, 49.0; H, 2.10; N, 0.12%.
NMR Tube Synthesis Of Do3TACA1,Bu2[B(C6F5)4
Do3TAC + DMAB + AllBu3
Do
DoDo
D0 3TAC (0.037mmol), DMAB (0.037mmol), and AllBu3 as a 1.0M solution in 
hexane (0 .1 2 mmol) were dissolved in benzene-d6 (1 ml) to form a colourless solution of 
Do3TACA11Bu2[B(C6F5)4]. Isolation was attempted by crystallisation and distillation of 
excess AllBu3 but both methods failed. NMR (300MHz): ^(CeD^) 3.48 (3H, d, 
JHa.Hb=8.9Hz, N-CHaHb-N), 2.88 (3H, d, JHb.Ha=8.9Hz, N-CHbHa-N), 1.76 (2H, m, C-CH- 
C), 0.95 (12H, d, Jh>h=6 .3Hz,C-CH3), 0.07 (4H, d, Jh,h=8.0Hz, A1-CH2-C).
NMR Tube Synthesis Of (2 -EtBu)3TACAl,Bu2[B(C6F5)4]





(2 -EtBu)3TAC (0.094mmol), DMAB (0.094mmol), and AllBu3 as a 1 .OM solution 
in hexane (0.29mmol) were dissolved in benzene-d6 (1ml) to form a colourless solution of 
(2 -EtBu)3TACA1'Bu2[B(C6F5)4] . Isolation was attempted by crystallisation and distillation 
of excess AllBu3 but both methods failed. NMR (300MHz): 8 (C6D6) 3.73 (3H, d, 
JHa,Hb=8.9Hz, N-CHaHb-N), 3.08 (3H, d, JHb,Ha=8.9Hz, N-CHbHa-N), 1.70 (2H, m, C-CH- 




In this thesis there has been shown the synthesis of a variety of triazacyclohexane 
chromium complexes that have vast differences in solubility and catalytic reactivity 
towards polymerisation and selective trimerisation of a-olefins. Activation of these systems 
with DMAB followed by AIR3 has been monitored by 19F NMR to give valuable 
information on aggregation of species in solution and the close contact of the weakly 
coordinating anion to the activated complex. T2 measurements show a significant 
interaction between the chromium cation and a meta fluorine atom of the anion to be a key 
feature of the activated complex. Manipulations of these measurements determine a 
structure in concurrence with DFT calculations. Effective magnetic moment measurements 
along with formation of a Cr(I) decomposition product both lead to strong evidence for a 
Cr(III) / Cr(I) couple being active in this system. Ring slippage of the triazacyclohexane 
ring and aluminium has been identified as key contributors to decomposition of the catalyst. 
Addressing these issues is vital to the lifetime of this catalyst system.
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Appendix
Crystal data and structure refinement for (Allyl)3TACCrCl3






Space group P 6 3 (no. 173)
Unit cell dimensions a=11.9100(3)A alpha = 90 deg.
b = 11.9100(3) A beta = 90 deg. 
c = 6.9350(2) A gamma = 120 deg.
Volume 851.92(4) AA3
Z, Calculated density 2, 1.425 Mg/mA3
Absorption coefficient 1.132 mmA-1
F(000) 378
Crystal size 0.20x0.10x0.10mm
Colour, shape dark purple hexagonal column
Theta range for data collection 3.95 to 27.50 deg.
Limiting indices -15<=h<=15, -13<=k<=15, -8<=1<=8
Reflections collected / unique 12016 / 1300 [R(int) = 0.0469]
Completeness to theta = 27.50 99.6 %
Max. and min. transmission 0.8952 and 0.8052
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 1300 / 1 / 59
Goodness-of-fit on FA2 1.133
Final R indices [t>2sigma(I)] R1 = 0.0337, wR2 = 0.0897
R indices (all data) R1 = 0.0361, wR2 = 0.0912
Absolute structure parameter 0.43(4)
Largest diff. peak and hole 1.321 and -0.356 e.AA-3
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Crystal data and structure refinement for (2 -PhEt)3TACCrCl3[Me2NHPh][B(PhF5)4]
Identification code david2  alias k01rdkl9





Space group P T
Unit cell dimensions a = 13.4030(2) A alpha = 63.8900(6).
b = 15.0830(2) A beta = 82.3890(6) deg.
c = 16.2570(2) A gamma = 80.4760(6) deg.
Volume 2903.81(7) AA3
Z, Calculated density 2, 1.554 Mg/mA3
Absorption coefficient 0.443 mmA-l
F(000) 1374
Crystal size 0.38 x 0.25 x 0.10 mm
Colour, shape yellow plate
Theta range for data collection 3.56 to 27.52 deg.
Limiting indices -17<=h<=17, -19<=k<-19, -20<=1<=21
Reflections collected / unique 41201 / 13271 [R(int) = 0.0410] 
Completeness to theta = 27.52 99.2 %
Max. and min. transmission 0.9570 and 0.8496 
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 13271 / 0 / 793 
Goodness-of-fit on FA2 1.022 
Final R indices [b>2sigma(I)] R1 = 0.0358, wR2 = 0.0857 
R indices (all data) R1 = 0.0508, wR2 = 0.0943
Largest diff. peak and hole 0.271 and -0.487 e.AA-3
213
Crystal data and structure refinement for
[(2 -EtBu)3TACCrCl3][B(PhF5)4][Me2NHPh]*(C7H8)o.5
Identification code david3





Space group P 2i/n
Unit cell dimensions a = 12.31900(10) A alpha = 90 deg.
b = 30.5470(3) A beta = 107.87 deg.
c = 16.5740(2) A gamma = 90 deg.
Volume 5936.14(10) AA3
Z, Calculated density 4, 1.505 Mg/mA3
Absorption coefficient 0.432 mmA-l
F(000) 2750
Crystal size 0.50 x 0.40 x 0.15 mm
Colour, shape purple brownish plate
Theta range for data collection 2.96 to 27.10 deg.
Limiting indices -15<=h<=15, -39<=k<=38, -21<=1<=21
Reflections collected / unique 41284 / 12904 [R(int) = 0.0632]
Completeness to theta = 27.10 98.5 %
Max. and min. transmission 0.9380 and 0.8128
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 12904 / 0 / 775
Goodness-of-fit on FA2 1.015
Final R indices [I>2sigma(I)] R1 = 0.0441, wR2 = 0.0984
R indices (all data) R1 = 0.0771, wR2 = 0.1113
Largest diff. peak and hole 0.456 and -0.677 e.AA-3
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Crystal data and structure refinement for (2-PhEt)3TACCrCl3 
Identification code david4 alias h02rdk4





Space group P 2i/c
Unit cell dimensions a = 11.6360(2) A alpha = 90 deg.
b = 17.1910(3) A beta = 109.7840(10) deg. 
c = 14.0810(3) A gamma = 90 deg.
Volume 2650.43(9) AA3
Z, Calculated density 4, 1.398 Mg/mA3
Absorption coefficient 0.755 mmA-l
F(000) 1164
Crystal size 0.50 x 0.15 x 0.08 mm
Colour, shape purple plate
Theta range for data collection 3.87 to 27.51 deg.
Limiting indices -15<=h<=14, -22<=k<=22, -18<=1<=18
Reflections collected / unique 45752 / 6064 [R(int) = 0.0737]
Completeness to theta = 27.51 99.4 %
Max. and min. transmission 0.9421 and 0.7039
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 6064 / 0 / 321
Goodness-of-fit on FA2 1.019
Final R indices [I>2sigma(I)] R1 = 0.0396, wR2 = 0.0865
R indices (all data) R1 = 0.0811, wR2 = 0.1006
Extinction coefficient 0.0054(7)
Largest diff. peak and hole 0.378 and -0.504 e.AA-3
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Crystal data and structure refinement for (FPh)2(2-EtBu)TAC
Identification code david5





Space group P I
Unit cell dimensions a = 6.6760(2) A alpha = 96.6740(10) deg.
b = 11.1310(4) A beta = 104.4010(10) deg.
c = 13.5710(5) A gamma = 100.619(2) deg.
Volume 946.04(6) AA3
Z, Calculated density 2, 1.262 Mg/mA3
Absorption coefficient 0.089 mmA-l
F(000) 384
Crystal size 0.25 x 0.20 x 0.13 mm
Colour, shape clourless plate
Theta range for data collection 3.15 to 27.43 deg.
Limiting indices -8 <=h<=8 , -14<=k<=14, -17<=1<=15
Reflections collected / unique 12218 / 4308 [R(int) = 0.0554] 
Completeness to theta = 27.43 99.3 %
Max. and min. transmission 0.9885 and 0.9781
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 4308 / 0 / 235 
Goodness-of-fit on FA2 1.025 
Final R indices [I>2sigma(I)] R1 = 0.0481, wR2 = 0.1072 
R indices (all data) R1 = 0.0790, wR2 = 0.1236
Largest diff. peak and hole 0.184 and -0.229 e.AA-3
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Crystal data and structure refinement for (2-EtBu)(BrPh)2TAC
Identification code david6





Space group P b c a
Unit cell dimensions a = 9.85600(10) A alpha =90 deg.
b = 19.2690(2) A beta = 90 deg.
c = 22.2230(3) A gamma = 90 deg.
Volume 4220.49(8) AA3
Z, Calculated density 8 , 1.515 Mg/mA3
Absorption coefficient 3.851 mmA-l
F(000) 1952
Crystal size 0.35 x 0.25 x 0.05 mm
colour, shape colourless plate
Theta range for data collection 3.60 to 27.47 deg.
Limiting indices -12<=h<= 12, -25<=k<=25, -28<=1<=28
Reflections collected / unique 67363 / 4819 [R(int) = 0.1159]
Completeness to theta = 27.47 99.7 %
Max. and min. transmission 0.8308 and 0.3459
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 4819 / 0 / 236
Goodness-of-fit on FA2 1.015
Final R indices [L>2sigma(I)] R1 = 0.0404, wR2 = 0.0870
R indices (all data) R1 = 0.0769, wR2 = 0.0991
Extinction coefficient 0.0018(2)
Largest diff. peak and hole 0.638 and -0.581 e.AA-3
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Crystal data and structure refinement for [Tol2Cr][BPhF5]4*(Tol)o.5
Identification code david7





Space group P 2i/c
Unit cell dimensions a = 10.4850(2) A alpha = 90 deg.
b = 21.8690(4) A beta = 103.9710(10) deg. 
c = 16.8810(4) A gamma = 90 deg.
Volume 3756.25(13) AA3
Z, Calculated density 4, 1.699 Mg/mA3
Absorption coefficient 0.437 mmA-l
F(000) 1910
Crystal size 0.30 x 0.25 x 0.13 mm
Colour, shape yellow wedge
Theta range for data collection 3.36 to 27.47 deg.
Limiting indices -13<=h<=13, -25<=k<=28, -21<=1<=19
Reflections collected / unique 27245 / 8310 [R(int) = 0.0743]
Completeness to theta = 27.47 96.4 %
Max. and min. transmission 0.9453 and 0.8800
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 8310/0/660
Goodness-of-fit on FA2 1.011
Final R indices [b»2sigma(I)] R1 = 0.0516, wR2 = 0.1138
R indices (all data) R1 = 0.1031, wR2 = 0.1364
Largest diff. peak and hole 0.299 and -0.475 e.AA-3
218
Crystal data and structure refinement for (ClPh)2(2-EtBu)TAC
Identification code david8





Space group Pb c a
Unit cell dimensions a = 9.69500(10) A alpha = 90 1
b = 18.9700(2) A beta = 90 deg.
c = 22.2490(3) A gamma = 90 deg.
Volume 4091.91(8) AA3
Z, Calculated density 8 , 1.274 Mg/mA3
Absorption coefficient 0.327 mmM
F(000) 1664
Crystal size 0.50 x 0.30 x 0.05 mm
Colour, shape colourless plate
Theta range for data collection 3.49 to 27.48 deg.
Limiting indices -12<=h<=12, -24<=k<=23, -28<=
Reflections collected / unique 60485 / 4681 [R(int) = 0.0844] 
Completeness to theta = 27.48 99.6 %
Max. and min. transmission 0.9838 and 0.8535 
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 4681 / 0 / 235
Goodness-of-fit on FA2 1.021
Final R indices [I>2sigma(I)] R1 = 0.0423, wR2 = 0.0963
R indices (all data) R1 = 0.0750, wR2 = 0.1105
Largest diff. peak and hole 0.244 and -0.252 e.AA-3
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Crystal data and structure refinement for [(0-MeOPh)NH]2CH2
Identification code david9 (h04rdkl)





Space group P n a 2 !
Unit cell dimensions a = 8.2190(8) A alpha = 90 1
b = 23.6120(2) A beta = 90 deg.
C:= 6.9850(2) A gamma = 90 deg.
Volume 1355.56(14) AA3
Z, Calculated density 4, 1.266 Mg/mA3
Absoiption coefficient 0.085 mmA-l
F(000) 552
Crystal size 0.50 x 0.50 x 0.08 mm
Theta range for data collection 3.58 to 28.67 deg.
Limiting indices -7<=h<=ll, -30<=k<=31, -9<=
Reflections collected / unique 5868 / 2900 [R(int) = 0.0390] 
Completeness to theta = 28.67 98.3 %
Max. and min. transmission 0.9932 and 0.9588 
Refinement method Full-matrix least-squares on FA2
Data / restraints / parameters 2900 / 1 / 182
Goodness-of-fit on FA2 1.054
Final R indices [I>2sigma(I)] R1 = 0.0365, wR2 = 0.0823
R indices (all data) R1 = 0.0490, wR2 = 0.0870
Absolute structure parameter 0.1(10)
Largest diff. peak and hole 0.139 and -0.148 e.AA-3
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